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Preface
The theory behind “graphene” was first explored by the physi-
cist Philip Wallace in 1947. However, the name “graphene” 
was not actually coined until 40 years later, where it was used 
to describe single sheets of graphite. Ultimately, Professor 
Geim’s group in Manchester (UK) was able to manufacture 
and see individual atomic layers of graphene in 2004. Since 
then, much more research has been carried out on the mate-
rial, and scientists have found that graphene has unique and 
extraordinary properties. Some say that it will literally change 
our lives in the twenty-first century. Not only is graphene the 
thinnest possible material, but it is also about 200 times stron-
ger than steel and conducts electricity better than any other 
material at room temperature. This material has created huge 
interest in the electronics industry, and Konstantin Novoselov 
and Andre Geim were awarded the 2010 Nobel Prize in 
Physics for their groundbreaking experiments on graphene.

Graphene and its derivatives (such as graphene oxide) 
have the potential to be produced and used on a commercial 
scale, and research has shown that corporate interest in the 
discovery and exploitation of graphene has grown dramati-
cally in the leading countries in recent decades. In order to 
understand how this activity is unfolding in the graphene 
domain, publication counts have been plotted in Figure P.1. 
Research and commercialization of graphene are both still 
at early stages, but policy in the United States as well as in 
other key countries is trying to foster the concurrent pro-
cesses of research and commercialization in the nanotech-
nology domain.

Graphene can be produced in a multitude of ways. Initially, 
Novoselov and Geim employed mechanical exfoliation by 
using a Scotch tape technique to produce monolayers of the 
material. Liquid-phase exfoliation has also been utilized. 
Several bottom-up or synthesis techniques developed for gra-
phene include chemical vapor deposition, molecular beam 
epitaxy, arc discharge, sublimation of silicon carbide, and epi-
taxy on silicon carbide.

The first volume of this handbook concerns the fabrica-
tion methods of graphene. It is divided into four sections: (1) 
fabrication methods and strategies, (2) chemical-based meth-
ods, (3) nonchemical methods, and (4) advances of fabrication 
methods.

Carbon is the sixth most abundant element in nature and 
is an essential element of human life. It has different struc-
tures called carbon allotropes. The most common crystal-
line forms of carbon are graphite and diamond. Graphite is 
a three-dimensional allotrope of carbon with a layered struc-
ture in which tetravalent atoms of carbon are connected to 
three other carbon atoms by three covalent bonds and form 
a hexagonal network structure. Each one of these aforemen-
tioned layers is called a graphene layer or sheet. Each sheet is 
placed in parallel on other sheets. Hence, the fourth valence 
electron connects the sheets to each other via van der Waals 
bonding. The covalent bond length is 0.142 nm. The bonds 

that are formed by carbon atoms between layers are weak; 
therefore, the sheets can slide easily over each other. The dis-
tance between layers is 0.335 nm. Due to its unique structure 
and geometry, graphene possesses remarkable physical– 
chemical properties, including a high Young’s modulus, high 
fracture strength, excellent electrical and thermal conductiv-
ity, high charge carrier mobility, large specific surface area, 
and biocompatibility.

These properties enable graphene to be considered as an 
ideal material for a broad range of applications, ranging from 
quantum physics, nanoelectronics, energy research, catalysis, 
and engineering of nanocomposites and biomaterials. In this 
context, graphene and its composites have emerged as a new 
biomaterial, which provides exciting opportunities for the 
development of a broad range of applications, such as nano-
carriers for drug delivery. The building block of graphene 
is completely different from other graphite materials and 
three-dimensional geometric shapes of carbon, such as zero-
dimensional spherical fullerenes and one-dimensional carbon 
nanotubes.

The second volume of this handbook is predominantly 
about the nanostructure and atomic arrangement of graphene. 
The chapters in this volume focus on atomic arrangement 
and defects, modified graphene, characterization of graphene 
and its nanostructure, and also recent advances in graphene 
nanostructures. The planar structure of graphene provides an 
excellent opportunity to immobilize a large number of sub-
stances, including biomolecules and metals. Therefore, it is 
not surprising that graphene has generated great interest for 
its nanosheets, which nowadays can serve as an excellent plat-
form for antibacterial applications, cell culture, tissue engi-
neering, and drug delivery.

It is possible to produce composites reinforced with gra-
phene on a commercial scale and low cost. In these composites, 
the existence of graphene leads to an increase in conductivity 
and strength of various three-dimensional materials. In addi-
tion, it is possible to use cheaply manufactured graphene in 
these composites. For example, exfoliation of graphite is one 
of the cheapest graphene production techniques. The behavior 
of many two-dimensional materials and their equivalent three-
dimensional forms are completely different. The origin of the 
aforementioned differences in the behavior of these materials 
is associated with the weak forces that hold a large number of 
single layers together to create a bulk material. Graphene can 
be used in nanocomposites. Currently, researchers have been 
able to produce several tough and light materials by adding 
small amounts of graphene to metals, polymers, and ceram-
ics. The composite materials usually show better electrical 
conductivity characteristics compared with pure bulk materi-
als, and they are also more resistant against heat.

The third volume describes graphene’s electrical and opti-
cal properties and also focuses on nanocomposites and their 
applications. The fourth volume relates to the mechanical 
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and chemical properties of graphene and cites recent devel-
opments. The fifth volume presents other topics, such as size 
effects in graphene, characterization, and applications based 
on size-affected properties. In recent years, scientists have 
produced advanced composites using graphene, which are 
excellent from the point of view of mechanical and thermal 
properties. However, in some of these composites, high elec-
trical conductivity only is desirable. For example, the Institute 
of Metal Research, Chinese Academy of Sciences (IMR, 
CAS) has created a polymer matrix composite reinforced 
with graphene, which has a high electrical conductivity. In 
this composite, a flexible network of graphene has been added 
to a polydimethylsiloxane matrix (of the silicon family).

Investigation of early corporate trajectories for graphene 
has led to three major observations. First, the discovery-to-
application cycle for graphene seems to be accelerated, for 
example, compared to fullerene. Even though the discovery 
of graphene is relatively new, large and small firms have con-
tributed to an upsurge in early corporate activities. Second, a 
rapid globalization has occurred by companies in the United 
States, Europe, Japan, South Korea, and other developed 
economies, which were involved in early graphene activities. 
Chinese companies are currently starting to enter the gra-
phene domain, resulting in the expansion of research capabil-
ity of nanotechnology. Nevertheless, science alone does not 
guarantee commercial exploitation. To clarify the issue, the 
level of corporate patenting in the United Kingdom, which is 
a pioneer in graphene research, is slightly ahead of Canada 
and Germany; however, it is dramatically lower than in the 
United States, Japan, and South Korea. Third, the potential 
applications of graphene are rapidly expanding. Corporate 
patenting trends are indicative of their enthusiasm to utilize 
the features of graphene in various areas, including transis-
tors, electronic memory and circuits, capacitors, displays, 

solar cells, batteries, coatings, advanced materials, sensors, 
and biomedical devices. Although graphene was initially 
proposed as an alternative to silicon, its initial applications 
have been in electronic inks and additives to resins and coat-
ings. We have identified six areas of emerging applications 
for graphene, including displays/screens, memory chips, 
biomedical  devices, batteries/fuel cells, coatings, inks, and 
materials. In the investigation of the corporate engagement 
in graphene, we sought to understand early corporate activity 
patterns related to broader research and invention trends. In 
traditional innovation models, a lag between research pub-
lication and patenting is consistent with the linear model. 
However, more recent innovation models are stressing con-
current launch, open innovation, and strategic property 
management.

The sixth volume of this handbook is about the applica-
tion and industrialization of graphene, starting with chapters 
about biomaterials and continues onto nanocomposites, elec-
trical/sensor devices, and also new and novel applications.

The editorial team would like to thank all contributors 
for their excellent chapters contributed to the creation of this 
handbook and for their hard work and patience during its 
preparation and production. We sincerely hope that the pub-
lication of this handbook will help people, especially those 
working with graphene, and benefit them from the knowledge 
contained in the published chapters.

Winter 2016
Mahmood Aliofkhazraei

Nasar Ali
William I. Milne
Cengiz S. Ozkan

Stanislaw Mitura
Juana L. Gervasoni
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1 Graphene Heterostructures

Zheng Liu and Hong Wang

ABSTRACT

It is well known that graphene has ultrahigh carrier mobility. 
However, the zero bandgap of graphene will lead to a large 
leaking current in graphene-based transistors and, therefore, 
limits its application in high-performance semiconducting 
electronics. Creation of graphene heterostructures will not 
only result in graphene-based artificial architectures that open 
the bandgap of graphene, but also pave a promising way to 
the landscape of full-integrated and multifunctional graphene 
electronics.

By integrating graphene with its analogs such as hexago-
nal boron nitride (h-BN)1 and dichogenides (e.g., MoS2),2–5 
one can tailor the graphene transport in terms of mobility, 
ON/OFF ratio,6 radio frequency,7 and etc. Generally, one can 
divide the graphene heterostructures into two classes: pla-
nar layers2,7 and vertical stack, which can be approached by 
various ways. With controlled number of layers, ordering of 
layers, and manipulation of the positions of the layers, such 
heterostructures will lead to vast applications such as in high-
performance transistors, radio frequency devices, and in THz 
rectifiers. Besides the two-dimensional graphene heterostruc-
tures, the three-dimensional heterostructure of graphene and 
carbon nanotubes (CNTs) can be realized via bonding CNTs 
with graphene for energy applications.8,9

1.1 INTRODUCTION

The low resistivity and extremely high mobility of graphene 
make it a promising material for electronic and optoelectronic 
devices such as transparent conducting electrodes,10 ultrafast 
transistors,11,12 frequency multipliers,13 broadband radio mix-
ers, and so on.14 However, due to the large leaking current 
from the zero bandgap, the ON/OFF ratio of graphene-based 
field-effect transistors (FETs) are typically less than 10.15 
These values are far less than the silicon-based transistors 
(>106). As such, opening the bandgap of graphene becomes 

critical for the electronic applications of graphene. Creation 
of the graphene heterostructure is one of the most promising 
approaches to open the bandgap of graphene. Furthermore, 
by integrating graphene with other low-dimensional materials 
such as hexagonal boron nitride (h-BN),16–19 transition metal 
dichalcogenides (TMDs) family (MX2, M: Mo, W, and X: S, 
Se, Te),4,20–28 and CNTs, various graphene heterostructures 
can be prepared, providing versatile applications such as in 
high ON/OFF FET transistors,2,6,29 spin filters,30 atomically 
thin circuitry,31 one-dimensional (1D) transport channel,32 
solar cells,33 resonators,34 hydrogen evolution,35 and in har-
vesting and conversion of energy (Table 1.1).36

In this chapter, we review the recent progress on the syn-
thesis, fabrication, characterization, electric transport, and 
potential applications of graphene heterostructures, particu-
larly, graphene/h-BN heterostructures. The graphene hetero-
structures with other two-dimensional (2D) and 1D material 
will be also briefly discussed. This chapter mainly consists 
of three parts. Planar graphene heterostructures will be dis-
cussed in the first part which involved preparation and char-
acterization of atomic layers of hybridized h-BN graphene 
random domains, shape engineering of planar graphene/h-
BN (G/h-BN), and doped graphene. In the following part we 
focus on the vertical graphene heterostructures with other 2D 
crystals (h-BN, TMDs) in the form of stacks and superlat-
tice, namely van der Waals (vdW) solid. The first two parts 
show the vast possibilities of graphene heterostructures with 
other 2D materials. In the final part, three-dimensional (3D) 
graphene/carbon nanotube (G/CNT) will be discussed briefly.

1.2 LATERAL GRAPHENE HETEROSTRUCTURES

Lateral graphene heterostructures are layered materials con-
sisting of graphene and other materials in the same plane. 
Generally, it could be classified into two classes: (I) hybrid-
izations of graphene with other materials by doping and 
substitutions (Figure 1.1a and b) and (II) shape engineering 
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of graphene by patterning graphene and other 2D crystals 
(Figure 1.1c and d) via fabrications.

For group I, graphene is laterally hybridized other ele-
mentals/compound such as nitrogen, fluorine, h-BN, etc. 
The feature sizes of the domains range from single atoms to 
the order of microns.1,29,3454–59 (Figure 1.1a). By controlling the 
foreign materials, for example, composition and concentra-
tion, one can tune the physical properties. Random domains 
of graphene and other 2D materials can be experimentally 
prepared, such as the atomic layers of hybridized h-BN 
and graphene domains consisting of hybridized, randomly 

distributed domains of h-BN and C phases and the band-
gap of h-BNC films can be tuned by the atomic concentra-
tion of h-BN (Figure 1.1a).1,60 A more challenging goal will 
be the synthesis of crystals with various stoichiometric ratios 
of carbon and foreign atoms such as the BxNyCz system. It is 
predicted that the BxNyCz crystals can possess metallic or 
semiconducting behaviors depending on the stoichiometry.61 
The maximum challenge for creating such heterostructures 
will be the phase separations.62

In the case of group II, graphene may retain its nature, such 
as its highly electrical conductivity. Here, the geometries may 

Planar graphene
heterostructures

(Doping and
substitution)

Planar graphene
heterostructures

(engineering)

Vertical graphene
heterostructures

Graphene/h-BN
stacks

Graphene/h-BN
shape engineering

Graphene/other 2D layers
shape engineering

Graphene/h-BN/MoS2
superlattice

B-C-N 2D crystals

B

C

h-BN

MoS2
Graphene

Graphene Graphene

Graphene
h-BN
MoS2
Graphene
h-BN
MoS2

Graphene
h-BN

h-BN

h-BN

MoS2

Graphene

N

Graphene/h-BN
random domains

(b)

(a)

(d)

(f ) (g)

(e)

(c)

Exfoliation
chemical vapor deposition
epitaxial growth

Graphene

FIGURE 1.1 Approaches to graphene heterostructures. (a) Graphene and graphene analogs (h-BN, TMDs, etc.) can be prepared by 
three methods: mechanical/liquid exfoliation, CVD, and epitaxial growth. (b)–(e) Landscape of lateral graphene heterostructures. (b) 
Heterostructures with random domains via doping and substitution. (c) Homogeneously doped graphene heterostructures. (d) and (e) Shape 
engineering/patterning of graphene/2D materials. (f) and (g) Vertical graphene heterostructures containing h-BN and MoS2.

TABLE 1.1
Fabrication Techniques and Application Fields of Various Graphene Heterostructures

Heterostructure 
Type

Lateral Heterostructures Vertical Heterostructures
G/CNTs 

HeterostructuresG/h-BN G/h-BN G/TMDs

Fabrication 
technique

CVD29,31,34 Transfer,12,37,38 CVD,39–46 
liquid exfoliation47

Transfer,6,36,48,49 CVD50–52 CVD8,53

Application Atomically thin circuitry31

Resonator34

High-mobility FET12

Tunneling FET (G/h-BN/G6)
Tunneling FET (G/
MoS2/G,6 G/WS2/G2)

Memory cells48,49 
Optoelectronic devices36

Supercapacitors8,53

Field emission8
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play a more important role and dominate the nature of the 
samples. Full-integrated and multifunctional devices are pro-
posed for versatile applications. Multistep growth and fabrica-
tions are usually adopted for such graphene heterostructures. 
Graphene/h-BN patterns have been demonstrated in the labo-
ratory using a two-step growth protocol.34,55 A further chal-
lenge includes understanding the interfaces of graphene and 
other 2D materials and seeking approaches to how to incorpo-
rate more 2D materials into a single film.

1.2.1  LateraL Graphene/h-Bn heterostructures 
with random domains

As a representative architecture of lateral graphene hetero-
structures, planar graphene/h-BN films have attracted much 
attention in recent years. Geometrically, the small lattice mis-
match between graphene and h-BN (~1.8%) makes it possible 

to stitch both materials in an individual film.31,34,63,64 Moreover, 
both graphene and h-BN can be grown via chemical vapor 
deposition (CVD) on copper, nickel, and other metals such 
as Co, Pt, Rh, Ru, Ag, etc.16,18,65–73 with a similar protocol, 
which makes the growth of graphene/h-BN heterostructures 
possible. More important, h-BN is a wide-bandgap insulator 
(~5.9 eV) while graphene is a highly electronic conductor. The 
integrated BN-doped graphene (h-BNC) film will have a tun-
able bandgap.55,60

Recently a systematic approach is proposed for the large-
scale synthesis of planar h-BCN heterostructures, containing 
random BN and C nanodomains, via a CVD method using 
ammonia borane and methane as the BN and C sources. A typi-
cal setup for the CVD growth of h-BNC films contains a heater 
for the BN precursors and a furnace (Figure 1.2a).29,74 The as-
grown samples can be transferred onto silicon substrates. The 
optical images show that the film is quite uniform over a large 

(a)

(d)(c) (e)

(b)

H2, CH4

Ar

Hot plate

H3N-BH3
container

Cu foil on quartz plate Scroll
pump

Furnace

3 mm

SiO2

Graphene

h-BN 50 μm
2 μm

Patching Graphene

Rh(111)

Rh(111)

h-BN

h-BN

h-BN
G

G

FIGURE 1.2 Synthesis and characterizations of planar h-BNC films with random composition. (a) Schematic of the setup for the growth 
of random h-BCN films via CVD.29 Various solid precursors such as ammonia boron (BH3NH3),16 borazine (B3N3H6)18 have been used as the 
sources of B and N. (b) Optical image of hybrid h-BNC film. The size of graphene and h-BN domains is at the scale of a few nanometers. The 
thickness of the h-BNC films can be down to a few layers. (c) Graphene/h-BN film with domains of up to hundred microns.34 (d) Schematic 
of epitaxial growth of planar graphene/h-BN on Rh (111) surface under ultrahigh vacuum. The vaporized ammonia borane and ethylene 
are used as the source of B, N, and C, respectively.63 (e) Optical image of the h-BCN film by epitaxial growth. (Reprinted with permission 
from (a) Chang, C.-K. et al. Band gap engineering of chemical vapor deposited graphene by in situ BN doping. ACS Nano 7, 1333–1341. 
Copyright 2012 American Chemical Society; (b) Ci, L. et al. Atomic layers of hybridized boron nitride and graphene domains. Nature 
Materials 9, 430–435. Copyright 2010 American Chemical Society; (c) Reprinted by permission from Macmillan Publishers Ltd. Nature 
Nanotechnology, Liu, Z. et al. In-plane heterostructures of graphene and hexagonal boron nitride with controlled domain sizes. 8, 119–124, 
copyright 2013; (d, e) Reprinted with permission from Gao, G., Gao, W. and Cannuccia, E. Artificially stacked atomic layers: Toward new 
van der Waals solids. Nano Letters 12, 3518–3525. Copyright 2012 American Chemical Society.)
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area (Figure 1.2b).1 Optimizing the growth condition will make 
the graphene and h-BN domain size increase to the order of a 
few hundreds of microns (Figure 1.2c).34 The darker regions 
are graphene, while lighter area is h-BN. The SiO2 substrate is 
indicated by the arrows.34 The hybrid h-BNC films can also be 
prepared on a single crystalline Rh(111) substrate via a two-step 
epitaxial growth (graphene first, h-BN second) approach under 
UHV (ultrahigh vacuum) conditions.63 Figure 1.2d and e is a 
schematic of the h-BNC patching growth and SEM (scanning 
electron microscope) images of the resulting samples, respec-
tively. The domain size is around a few microns. The stoichio-
metric ratio of BN and C can be tuned by changing the growing 
parameters such as the amount/flow rate of sources, growing 
temperature, etc.

Although planar h-BNC heterostructures with nanodo-
mains have been demonstrated by different approaches, the 
synthesis of homogeneous h-BNC or h-BNC crystal remains 
a problem such as the well-known phase separation in ternary 
materials.62 The positive interface energy between graphene 
and BN implies that for the same amount of BN area fewer 
number of BN islands will be favored over multiple smaller 
islands with longer total interface length.75–79

The atomic structures of planar hybridized h-BNC films 
have been characterized by transmission electron microscopy 
(TEM) and scanning tunneling microscopy (STM). The typi-
cal thickness of CVD and epitaxy grown h-BCN films are 
from monolayer to few layers (Figure 1.3a). High-resolution 
TEM (HRTEM) image (Figure 1.3b) shows various Moiré 
patterns. In their electron energy loss spectroscopy (EELS, 
Figure 1.3c), there are three visible K-shell edges of B, C, and 
N, starting at 185, 276, and 393 eV, respectively,75,80 Boron 
is very sensitive even in very small amounts in the sample 
while the signal from nitrogen is relatively weak. Employing 
energy-filtered imaging technique, the distribution of each 
element can be mapped (Figure 1.2c).

The interface of graphene and h-BN plays an important role 
in the transport behavior of h-BNC films. However, because 
of the two-step growth of materials and unavoidable con-
tamination during the TEM sample preparation, it is a great 
challenge to obtain a clean sample to study their interfaces. 
In this case, STM is a powerful tool to study the epitaxial 
G/h-BN films grown under high vacuum, complementary to 
TEM characterization. A two-step growth method was used 
to prepare hybrid h-BN and graphene film on Rh(111): h-BN 

(a) (b) (c)

(d) (e) (f )

5 nm

10 nm 2 nm 2 nm
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B mapping C mapping N mapping
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FIGURE 1.3 TEM and STM characterization of atomic structures of h-BNC films. (a) Transmission electron microscope (TEM) image 
of a typical edge of double-layered h-BCN film prepared by CVD on Cu foils, in which methane and ammonia boron were supplied at the 
same time to provide C, B, and N. (b) Atomic TEM image of h-BNC film containing BN and graphene patches. (c) EELS of h-BNC film 
and chemical mapping. (d–f) STM images of BNC hybrid grown on Rh(111). (d) STM image showing the preferred linking of graphene to 
preexisting h-BN domains with two typical hybrids: graphene-embracing h-BN (h-BN at G) and h-BN-embracing graphene (G at h-BN). 
(e) Atomically resolved STM images with an armchair linking edge, and (f) with a zigzag linking edge. (Reprinted with permission from 
(a–c) Ci, L. et al. Atomic layers of hybridized boron nitride and graphene domains. Nature Materials 9, 430–435. Copyright 2010 American 
Chemical Society; (d–f) Gao, Y. et al. Towards single-layer uniform hexagonal boron nitride–graphene patchworks with zigzag linking 
edges. Nano Letters 13, 3439–3443. Copyright 2013 American Chemical Society.)
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domains were first grown with ammonia borane as B and N 
sources, then ethylene was introduced for graphene growth 
on uncovered Rh surface. It is evident that graphene prefer-
ably grows from the edge of h-BN domains (Figure 1.3d). 
Moreover, the graphene patches are atomically perfect, as 
shown in the close-up of the linking boundaries (Figure 1.3e 
and f). The large amount of dangling bonds at the h-BN edges 
may be a reason for the epitaxial growth of graphene, medi-
ated by the underlying Rh(111) lattice.

Optical technologies such as Raman and UV–visible 
absorption spectrum are utilized to estimate the quality of 
the h-BCN films and their optical gap. Figure 1.4a shows the 
typical Raman spectra of pristine graphene and atomic-lay-
ered h-BCN film. The h-BNC film has a border D band and a 
shoulder at the G band, an indication of increasing defects in 
graphene caused by the BN. A similar behavior is also found 
after oxidizing graphene at a temperature above 300°C. The 
2D band is suppressed, probably, by the photoluminescence 
background. The optical gap of h-BNC film can be estimated 
by the UV–vis absorption. Tauc’s plot is depicted in Figure 
1.4b. However, the value of 2.36 eV is related to the resonant 
excitonic effects due to the electron–hole interaction in the π 
and π* bands at the M point81 and should not be considered 
the optical bandgap of graphene. It is observed that h-BCN 
films show high transparency at long wavelengths with two 
absorption peaks (Figure 1.4c and d).1,82 For h-BNC with 
2% BN (Figure 1.4c), one absorption edge corresponds to 
an optical gap of 4.48 eV, which may come from the h-BN 
domains in the film but smaller than that of pure h-BN. In 
fact, this value can be used to track the concentration of BN. 
It has been found that for a high concentration of BN, this 
value will become close to the bulk one.29 Another absorp-
tion edge corresponding to an optical band ranging from 1 
to 2 eV is from graphene nano-domains.83 The bandgap evo-
lution of graphene nanodomains in h-BNC films has been 
insensitively investigated by theoretical calculation.32 In the 
h-BNC system, the domains may be circular or small disks 
that have been seen experimentally most recently due to the 

positive interface energy between graphene layers during 
their growth.

The electronic structure and properties of h-BCN vary 
depending on the stoichiometry of carbon and BN.84–86 The 
resistivity of h-BCN ranges from 10−4 Ω cm  (less than ~2% 
BN) to 10−3 Ω cm (~6% BN) to an insulating temperature 
(>80% BN). The h-BCN with random domains exhibits an 
ambipolar semiconducting behavior, an indication that such 
h-BCN films have an atomic structure consisting of hybridized 
h-BN and graphene domains, since theoretical and experimen-
tal investigations have indicated that B, C, N mixed phases are 
typically p-type semiconductors. Furthermore, this h-BCN 
film shows a clear insulator to metal transition at ~10 K,87 The 
author suggests that the observed insulator to metal transition 
in h-BCN is as a result of the coexistence between two distinct 
mechanisms, namely, percolation through metallic graphene 
networks and hopping conduction between edge states on ran-
domly distributed insulating h-BN domains. Besides, a small 
gap could be opened in graphene due to quantum confinement 
and/or spin polarization at a specific C-BN boundary.1,88,89 
This is further confirmed by electric measurement from an in 
situ BN-doped graphene film. A significant bandgap of ~600 
meV is observed for low BN concentrations and is attributed 
to the opening of the π–π* bandgap of graphene due to iso-
electronic BN doping.

In addition to graphene doping with h-BN, planar gra-
phene heterostructures can be also prepared by doping gra-
phene with other elements, such as nitrogen,90–99 sulfur,90,100 
boron,101 and fluorine.102–104 They may dramatically open the 
bandgap of graphene. Doped graphene also provides us a good 
opportunity to know how the geometry of materials alters its 
properties in mechanics. There are three main approaches for 
doping graphene: growing graphene using a carbon source 
containing or mixing the doping elements such  as PMMA 
(poly(methyl methacrylate)), melamine as carbon sources, or 
mixing n-hexane and sulfur as carbon sources, etc.;96 anneal-
ing graphene with doping gas such as NH3;96 interaction of 
doping elements, especially for metals such as Li, Xe, etc.105,106
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FIGURE 1.4 Raman spectrum and Tauc’s plot for pristine graphene and BNG. (a) Raman spectra of pristine CVD-grown graphene (bot-
tom). Compared with graphene, for the h-BNC film, the D peak is stronger and 2D peak is suppressed. (b) and (c) Tauc’s plot (√ε/λ versus 
1/λ, data is acquired from the UV–via absorption) of (b) pristine graphene and (c) h-BNC sample with 2% BN.29 (Reprinted with permis-
sion from (a) Ci, L. et al. Atomic layers of hybridized boron nitride and graphene domains. Nature Materials 9, 430–435. Copyright 2010 
American Chemical Society; (b, c) Chang, C.-K. et al. Band gap engineering of chemical vapor deposited graphene by in situ BN doping. 
ACS Nano 7, 1333–1341. Copyright 2012 American Chemical Society.)
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1.2.2  LateraL Graphene/h-Bn heterostructures 
with patterned domains

In the section above, we have discussed the synthesis, charac-
terization, and transport behaviors of the lateral h-BNC het-
erostructure with random domains. However, in order to fully 
utilize the unique nature of graphene, a sophisticated shape 
engineering or patterning using combining graphene and 
other 2D material is pursued by the community, which will 
bring more opportunities to keep the merits of both graphene 
and the incorporated materials.107 Dry-etching-based technol-
ogies are usually used toward the precisely controlled lateral 
heterostructures containing graphene and h-BN.31,34 The syn-
thesis of shape-engineered graphene/h-BN heterostructures 
can start from the growth of h-BN atomic layers on metal 
foils, following an etching process of h-BN and regrowth 
of graphene at the etched regions (Figure 1.5a).34 Owing to 
the high transparency of h-BN (>98% for few-layered h-BN), 
the h-BN film covers the copper foils but is invisible (Figure 
1.5b). Graphene is grown on the patterned areas and is seen 
in gray. Like the conventional polymer-assisted transfer, this 
G/h-BN films can be transferred by PMMA (Figure 1.5c)108 to 
arbitrary substrates (Figure 1.5d on SiO2).

An inverse routine has also been demonstrated by growing 
and patterning graphene first and subsequent growth of h-BN 
(Figure 1.5e).31 These works imply the possibility of epitaxial 
growth of graphene on h-BN edges or the inverse way. The 
complementary dry-etching technologies provide for versa-
tile approaches to graphene lateral heterostructures among 
intrinsic graphene, substitutional doped graphene, insulat-
ing h-BN, and TMDs (MoS2, WSe2, etc.).20,68,109–119 Focus ion 
beam (FIB) can fabricate samples with nanoscale feature 
size, while a combination of photo/e-beam lithography and 
reaction ion etching (RIE) can be used for the fabrication of 
large-scale samples. Up to date, the minimal feature size of 
G/h-BN can be less than 100 nm using FIB etching, while 
millimeter-sized graphene/doped graphene and graphene/h-
BN planar patterns were produced by photolithography.34 In 
addition, both methods produced mechanically continuous 
sheets across the heterojunctions, that is, the whole film con-
taining heterostructure domains remain mechanically intact 
during the transfer from their growth substrates.31,34 Such 
heterostructures can be transferred to rigid substrates such 
as SiO2 or flexible substrates such as PMDS (polydimethyl-
siloxane).31,34 Their electronic transport has been also care-
fully examined. For the graphene/doped graphene junctions, 
there is no considerable change in the mobility and junction 
resistance.31 In contrast, the geometries of the patterns will 
dominate the electrical transport of graphene/h-BN films and 
may result in an anisotropy behavior. Such as, for graphene/h-
BN alterative stripes, along the graphene stripes, the mobil-
ity of the device is close to pristine graphene. However, no 
gating effect was observed if the current flows perpendicu-
lar to the stripes. No available resistance can be measured.34 
In terms of applications, a prototype of graphene/h-BN split 
closed-loop resonators has been demonstrated with a resonat-
ing frequency of ~1.95 GHz. This value is comparable to that 

of copper microstripes.34 More promising applications have 
been predicted by theoretical calculation such as the 1D trans-
port channels,32 resonant tunneling diodes,120 and rectifiers.121

1.3 VERTICAL GRAPHENE HETEROSTRUCTURES

Beyond lateral graphene heterostructures, various 2D layers 
could be artificially stacked due to the weak vdW interaction, 
forming vertical heterostructures or the so-called vdW solids 
(Figure 1.1f and g).119,122 Graphene vertical heterostructures 
including G/h-BN stack, G/MoS2 stack, G/h-BN superlattice, 
and other hybrid architectures have been investigated in both 
experiments and theory and show great potential for use in 
applications such as electronics, optoelectronics, catalysts, 
etc.123–126

There are quite a few methods that are developed to pre-
pare vertical graphene heterostructures, including manipula-
tion of individual layers, direct CVD growth,96,108,129 liquid 
exfoliation, molecular beam epitaxy,50,130,131 etc. toward a 
great landscape of vertical architectures. Among them, 
mechanical manipulation of exfoliated 2D layers is a widely 
used method to fabricate graphene heterostructures that 
have been demonstrated in the success of the G/h-BN stack 
(Figure 1.6a). Polymers such as PMMA are usually used to 
assist the mechanical transfer process. It was reported by 
Dean et  al.12 for the first time, paving a way to many sub-
sequent work on vdW reassembly of vertical graphene het-
erostructures. The multilayer graphene heterostructures, 
h-BN/G/h-BN, are first demonstrated by Ponomarenko 
et al.132 by this method. A sophisticated h-BN/G superlattice 
(Figure 1.6b) was made by Britnell et al. Fabrication of this 
devices requires multiple times of dry transfers, alignments, 
electron-beam lithography, plasma etching, and metal depo-
sitions.6,127 However, these two-step or multistep mechani-
cal transfer may break graphene and other 2D materials. 
Moreover, the size of mechanical exfoliated layers is limited. 
These will lead to a low sample output.2 Transfer of other 2D 
materials to large-sized CVD graphene can increase the out-
put, as the SEM image shown in Figure 1.6c.128 The direct 
CVD growth of G/h-BN stacks paves a promising way to the 
large-scale synthesis of graphene heterostructures (Figure 
1.6d).129,133 Further, the ordering of stack can be controlled by 
direct transfer of CVD films. A G/h-BN/G sandwich structure 
(Figure 1.6e) is realized by PMMA-assisted transfer. In addi-
tion, liquid exfoliation can produce a large amount of vertical 
heterostructures with random ordering among various layers 
(Figure 1.6f). Molecular beam epitaxy provides an alternative 
way for high-quality samples (h-BN on graphene as seen in 
Figure 1.6g).130 Furthermore, other graphene heterostructures 
beyond G/h-BN have been demonstrated such as graphene/
MoS2 (Figure 1.6h)51 and h-BN/G/MoS2 (Figure 1.6i and k).2 
Figure 1.6i is a false-colored SEM image of h-BN/G/MoS2 
structures. The HAADF-STEM imaging and chemical map-
ping (Figure 1.6j and k) further confirm this heterostructure 
containing graphene, nitride, and TMDs.2

Among many vertical graphene heterostructures, graphene/ 
h-BN stacks have seized a lot of attention. The main reason is 
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FIGURE 1.5 Synthesis and characterizations of shape engineered graphene/h-BN heterostructures. (a)–(d) Graphene/h-BN heterostruc-
tures by growth h-BN first, etching h-BN, and re-grow graphene.34 (a) Illustration of the fabrication procedure for in-plane graphene/h-BN 
heterostructures with three steps: preparation of h-BN films using the CVD method; partial etching of h-BN by argon ions to give prede-
signed patterns and subsequent CVD growth of graphene on the etched regions. (b) Photo of the graphene/h-BN patterns (shaped as combs, 
bars, and rings) on a copper foil. Light yellow regions are covered by h-BN and dark yellow areas are covered by graphene. (c) A graphene/h-
BN/PMMA film floating on the DI water after etching the copper foil. The transparent and gray regions are PMMA covered h-BN and gra-
phene, respectively. (d) SEM image of an h-BN ring surrounded by graphene.34 (e)–(g) Fabrication of lateral graphene/h-BN heterostructure 
via an inverse way.31 (e) Schematic of the fabricating process. The graphene is grown first, following a pattern and etching process to remove 
unwanted graphene. h-BN was grown on the etched areas. (f) Optical image of a planar graphene (darker areas)/h-BN (lighter areas) film 
on a Si/SiO2 substrate. Inset, Raman graphene 2D band (area indicated by the dotted box) showing a stark contrast between the regions. 
(g) False-color DF-TEM image of a suspended graphene/h-BN sheet with the junction region clearly starting at the sharp line that ends the 
graphene area. (Reprinted by permission from Macmillan Publishers Ltd. (a–d) Nature Nanotechnology, Liu, Z. et al. In-plane heterostruc-
tures of graphene and hexagonal boron nitride with controlled domain sizes. 8, 119–124, copyright 2013; (e–g), Nature, Levendorf, M.P. et 
al. Graphene and boron nitride lateral heterostructures for atomically thin circuitry. 488, 627–632, copyright 2012.)



10 Graphene Science Handbook

h-BN

A
B

BN

BN

BN Au/Pd

h-BN

hBN substrate

Au/Pd contact layer

10 μm

10°

0

0 5 μm

10 μm

50 μm

2 nm

200 nm

Graphene

Graphene
wrinkles

Graphene

Graphene
on h-BN

Graphene
on SiO2

Bare
SiO2

SiO2

MoS2

GrT

GrB

Gr

WS2

WS2

SiO2Graphene

G/h-BN

h-BN/G
G/h-BN/G/h-BN/G(a) (b) (c)

(f )(e)(d)

(g)

(i) (j) (k)

(h)

FIGURE 1.6 Landscape of vertical graphene heterostructure. (a–c) High-quality vertical graphene/h-BN stacks from mechanical exfoli-
ated graphene and h-BN. (a) Optical image of a typical graphene/h-BN stack with graphene atop h-BN. Scale bar, 10 μm. Inset: electrical 
contacts patterned by e-beam lithography.12 (b) TEM image of h-BN/G/h-BN/G/h-BN multilayer stacks with patterned contacts.6,127 (c) SEM 
image of CVD graphene on an exfoliated h-BN flake.128 (d)–(h) Bulk vertical graphene/h-BN stacks from chemical deposited and isolated 
graphene and h-BN. (d) Optical images of large-area few-layered G/h-BN via direct deposition of h-BN on graphene.129 The films are uni-
form and continuous on the substrate. (e) h-BN/G/h-BN sandwich from PPMA-assisted transfer of CVD-grown graphene, h-BN, and gra-
phene, respectively. The size of the wafer is ~1 cm × 0.8 cm. (f) TEM image of liquid exfoliated h-BN/G.47 (g) Optical image of epitaxy h-BN 
on graphene. (h–k) Vertical graphene heterostructure with TMDs.136 (h) AFM phase imaging of MoS2 flakes grown on graphene.51 (i)–(k) 
Complex graphene vertical heterostructure consisting of three difference 2D materials.2 (i) Optical image of graphene/WS2/h-BN devices. 
Scale bar, 10 μm. (j) Cross-section high-resolution high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) imaging of the sample. Scale bar, 5 nm. (k) False-colored bright-field STEM image. Scale bar, 5 nm. ((a) Reprinted by permission 
from Macmillan Publishers Ltd. Nature Nanotechnology, Dean, C.R. et al. Boron nitride substrates for high-quality graphene electronics. 
5, 722–726, copyright 2010; (b) Reprinted by permission from Macmillan Publishers Ltd. Nature Materials, Haigh, S.J. et al. Cross-
sectional imaging of individual layers and buried interfaces of graphene-based heterostructures and superlattices. 11, 764–767, copyright 
2012; (c) Reprinted with permission from Gannett, W. et al. Boron nitride substrates for high mobility chemical vapor deposited graphene. 
Applied Physics Letters 98, 242105. Copyright 2011, American Institute of Physics; (d) Reprinted with permission from Liu, Z. et al. Direct 
growth of graphene/hexagonal boron nitride stacked layers. Nano Letters 11, 2032–2037. Copyright 2011 American Chemical Society; 
(f) Reprinted with permission from Gao, G., Gao, W. and Cannuccia, E. Artificially stacked atomic layers: Toward new van der Waals solids. 
Nano Letters 12, 3518–3525. Copyright 2012 American Chemical Society; (h) Reprinted with permission from Shi, Y. et al. van der Waals 
epitaxy of MoS2 layers using graphene as growth templates. Nano Letters 12, 2784–2791. Copyright 2012 American Chemical Society; 
(i–k) Reprinted by permission from Macmillan Publishers Ltd. Nature Nanotechnology, Georgiou, T. et al. Vertical field-effect transistor 
based on graphene-WS2 heterostructures for flexible and transparent electronics. 8, 100–103, copyright 2013.)



11Graphene Heterostructures

that the transport properties of graphene can be considerably 
modified by placing h-BN beneath, atop, or by sandwiching 
graphene. As we mentioned, a hurdle has been the absence 
of an energy gap for graphene as an alternative material to 
silicon. The zero bandgap in graphene results in a high power 
dissipation in the OFF state (typically, ON/OFF ratio < 10). 
Bokdam et al.134 predicted that graphene could be electrostati-
cally doped through ultrathin hexagonal boron nitride films. 
Britnell et al.6 report that sandwiching graphene in h-BN will 
obtain an ON/OFF ratio of up to 102. More interestingly, h-BN 
will enhance the mobility of graphene as a substrate,12,128,135 
due to its atomically smooth surface and close in-plane lattice 
match to graphene.128,7,108,136

h-BN has an atomic-level smooth surface. The root mean 
square (rms) roughness is ~50 pm. As a comparison, the rms 
roughness of SiO2 is ~250 pm (Figure 1.7a).7,39 the height 
distributions of graphene on SiO2 (squares) and graphene on 
h-BN (triangles) are clearly shown in Figure 1.7b.39 This ultra-
flat surface can suppress rippling in graphene, which has been 
shown to mechanically conform to both corrugated and flat 
substrates.137,138 Moiré patterns can be found in G/h-BN stack, 
arising from a lattice mismatch between the graphene layer 
and the underlying BN surface (Figure 1.7c, the rotation angle 
is 4°).37 The DOS mapping of 100 nm area of graphene on 
both h-BN and SiO2 is found in Figure 1.7d and e. The Dirac 
points of graphene were determined by the minimum volt-
age of the tip. The distribution of energy of the Dirac point is 
shown in Figure 1.7f, which is used to evaluate the disorder in 
graphene. With h-BN as a substrate, the full width at half max-
imum (FWHM) of the energy of the Dirac point is ~20 meV, 
only ~1/5 of that on SiO2 (>100 meV). This suggests that the 
h-BN substrates may improve the electronic properties of gra-
phene. Complementary to DOS mapping, a significant reduc-
tion in local microscopic charge inhomogeneity was observed 
as well at the same system. Topography and charge density 
of G/h-BN and G/SiO2 are mapped in Figure 1.7g and h. The 
roughness of graphene charge density is 8.2 × 1010 e cm−2 rms 
(right pane in Figure 1.7h) when it sits on SiO2, more than 
three times higher than on h-BN (~2.3 × 1010 e cm−2 rms, left 
panel in Figure 1.7h).37

G/h-BN stacks have an enhanced mobility due to fact 
that the extremely smooth surface will dramatically reduce 
the scattering effect of carriers in graphene. High-quality 
graphene/h-BN stacks can be prepared using mechanical 
exfoliated graphene and h-BN following a transfer protocol 
with the help of glass slides and PMMA,2,7,128,139–141 as we 
mentioned. The mobility of graphene was reported up to 
270,000 cm2/Vs.12,128,135,139,141 In addition to the high mobil-
ity, G/h-BN rapidly rises as an excellent system for the stud-
ies of correlated states of Dirac fermions in graphene under 
strong magnetic fields, namely fractional quantum Hall effect 
(FQHE).142 The FQHE in graphene has been explored from 
the aspect of interplay between man–body correlations and 
the SU(4) symmetry of quasiparticles.142 However, the FQHE 
requires high-quality, extremely clean graphene, and less 
influence from the substrates such as impurities and charge 
traps. That is why it is difficult to observe the high mobility 

and FQHE for the graphene on SiO2. Nevertheless, FQHE is 
still observed by Bolotin et al.142 in the suspended exfoliated 
graphene (Figure 1.8a and b) at a low temperature (6 K) and 
high field (14 T). They also found that at low carrier density 
graphene becomes an insulator with a magnetic-field-tunable 
energy gap.

h-BN is believed as a perfect substrate for graphene for the 
measurement of FQHE. The 1.8% mismatches of their lat-
tice will lead to the formation of Moiré patterns with a much 
larger wavelength than the lattice constant (Figure 1.8a). The 
periodic patterns form a smooth superlattice potential and 
tune the local asymmetry between the graphene sublattices 
induced by the potential difference between boron and nitro-
gen atoms in the h-BN.141 Most recently, Hunt, Dean, and 
Ponomarenko independently reported the FQHE from G/h-
BN-stacked devices. They transferred graphene flakes onto 
h-BN substrates via polymer-assisted mechanical transfer. 
With an increasing perpendicular magnetic field, extra peaks 
(namely, neutrality points) appear in the plot of longitudinal 
and Hall resistivities (ρxx and ρxy) versus magnetic field (Figure 
1.8b and c), arising from the superlattice potential induced by 
h-BN substrates.140 Moreover, as shown in Figure 1.8d, the 
peak of ρxx becomes broader with increasing perpendicular 
magnetic field and then splits into multiple maxima. The 
numbers (the superlattice filling factors are labeled from −6 
to 22; νS = nϕ0/B = ±2, ±6, ±10, … where ϕ0 is the flux quan-
tum) indicate the QHE states extending from the main Dirac 
point. The superlattice quantum states (evolved from νS = ±2) 
are marked by arrows. There is a little bit shifting to make 
the white stripes clear.140 This deep minimum reveals that 
that electron-like cyclotron trajectories in graphene’s valence 
band persist under quantized magnetic field.140 Such behav-
ior can somehow be characterized by the Hofstadter but-
terfly spectrum (Figure 1.8e). The emergence of states with 
integer-quantized conductance at noninteger filling of a single 
Landau level, severing the canonical relationship between 
quantized conductance and filling fraction, is the signature of 
the Hofstadter butterfly (Figure 1.8e).141

We have discussed the surface morphologies and trans-
port behaviors of G/h-BN vertical heterostructures, in par-
ticular, the h-BN stacks, prepared by mechanical exfoliation. 
This method leads to high-quality samples yet limited out-
put. The multistep growth is proposed for scalable synthesis 
of graphene/h-BN vertical heterostructures on various sub-
strates. Liu et al. reported the direct growth of h-BN on gra-
phene. Graphene is first grown on Cu substrates using liquid 
carbon sources. Subsequently, the as-grown graphene/Cu has 
been transferred to another CVD system for the growth of 
h-BN on the graphene using ammonia boron as the source 
of B and N (Figure 1.9a). Figure 1.9b shows an optical image 
of as-grown G/h-BN stacked landscape transferred on silica. 
HR TEM in Figure 1.9c reveals that the stacked structure con-
sists of two to few layers. The ordering of graphene and h-BN 
is further confirmed by XPS (x-ray photoelectron spectros-
copy) depth profile. They observed that the signal from car-
bon increased first and then decreased for the graphene/h-BN 
films because graphene grew beneath the h-BN layer. With 
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the Ar ion etching, the top h-BN layer becomes thinner and 
the buried graphene layer appears resulting in the maximum 
value of carbon concentration in XPS data. Then the value 
decreases because graphene also gets removed by the continu-
ous ion etching.129

Complementary to the growth of h-BN on graphene, the 
CVD growth of graphene on h-BN is also demonstrated via 

a general transfer-free method. The growth was proved to be 
applicable for large areas of uniform bilayer graphene growth 
on h-BN and other insulating substrates, from solid carbon 
sources such as films of poly(2-phenylpropyl)methysiloxane 
(PPMS), PMMA, polystyrene (PS), and poly(acrylonitrile-
co-butadiene-co-styrene).128 The carbon feedstock was 
deposited on the insulating substrates and then caped with a 
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FIGURE 1.7 Comparison of the surface roughness of graphene and h-BN and impact on the spatial density of state (DOS) and charge 
density distribution of graphene. (a) AFM images showing the surface roughness of h-BN surface (top) and 285 nm SiO2 from thermal 
 oxidation.38 (b) Height distribution from the topographies of h-BN and SiO2 surface.38 (c) STM imaging of typical Moiré pattern from 
graphene/h-BN stack with a lattice rotation angle of ~4° between graphene and h-BN. Scale bar, 4 nm.37 (d) and (e) spatial DOS mapping 
of graphene on h-BN and SiO2, respectively. Scale bar, 10 nm.38 (f) Distribution of energy of the Dirac point of graphene on h-BN (inset: 
graphene on SiO2).37 (g) and (h) Topography and charge density mapping for graphene on h-BN and SiO2, respectively. Scale bar, 10 nm.37 
((a, b, d, e) Reprinted by permission from Macmillan Publishers Ltd. Nature Materials, Xue, J.M. et al. Scanning tunneling microscopy 
and spectroscopy of ultra-flat graphene on hexagonal boron nitride. 10, 282–285, copyright 2011; (c, f–h) Reprinted with permission from 
Decker, R.G. et al. Local electronic properties of graphene on a BN substrate via scanning tunneling microscopy. Nano Letters 11, 2291–
2295, Copyright 2011 American Chemical Society.)
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layer of nickel. At 1000°C, under low pressure and a reduc-
ing atmosphere, the carbon source could be transformed into 
a bilayer graphene film on the insulating substrates. The Ni 
layer was removed by dissolution, affording the bilayer gra-
phene directly on the insulator such as h-BN with no traces of 
polymer left from a transfer step. A homogeneous bilayer of 
graphene was synthesized between the h-BN and the Ni film. 
Marble’s reagent was used to dissolve the Ni layer. The end 
result was that bilayer graphene was directly grown on the 
h-BN surface.143

In addition to h-BN, graphene could be grown by CVD 
method on different substrates, including transition met-
als such as nickel (Ni),56,144–151 copper (Cu),56,148,152–157 cobalt 
(Co),148,158,159 ruthenium (Ru),160–162 iridium (Ir),163,164 pal-
ladium (Pd),165 gold (Au)166 and their alloys (Cu–Ni, Cu–
Zn),148,167,168 etc., insulating substrates such as silicon oxide 
(SiO2),143,169,170 magnesium oxide (MgO),171 silicon nitride 
(Si3N4),143 aluminum oxide (Al2O3),143,170 and diamond (C),172 

and other substrates such as silicon (Si)173–176 and silicon 
carbide (SiC)177–182 as well. These works provide an excit-
ing potential for graphene-based applications in composite/
functional material, batteries, electronics, and transparent 
electrodes.183–186

Graphene could be obtained by reducing SiC at high tem-
peratures (>1100°C). The sample size depends on the size of 
SiC wafer. SiC is the first substrate used to grow graphene with 
good quality in 2004.180 Since then, significant advances have 
been made in this area. The quality of graphene is consider-
ably improved.187–190 The possibility of large integrated elec-
tronics on SiC-epitaxial graphene was also first proposed in 
2004. Hundreds of transistors on a single chip183 are made by 
Massachusetts Institute of Technology and in 2009, very high 
frequency transistors were produced on monolayer graphene 
on SiC.185 Most recently, researchers at IBM reported graphene 
transistors with an on and off rate of 100 GHz, exceeding the 
speed of silicon transistors with an equal gate length.184
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tum Hall effect in Moire superlattices. 497, 598–602, copyright 2013; Reprinted by permission from Macmillan Publishers Ltd. Nature, 
Ponomarenko, L.A. et al. Cloning of Dirac fermions in graphene superlattices. 497, 594–597, copyright 2013.)
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A variety of transition metals are demonstrated for the 
growth of graphene via simple thermal decomposition of 
hydrocarbons on the surface or surface segregation of car-
bon on cooling from a metastable carbon–metal solid solu-
tion such as the CVD method. The carbon solubility in the 
metal and the growth conditions determine the deposition 
mechanism which ultimately also defines the morphology and 
thickness of the graphene films.191 Especially, Ni and Cu are 
found to be excellent substrates for the growth of large-scale 

and high-quality graphene. Among the substrates, Cu and Ni 
structures are the most common material used for growing 
graphene. It is also demonstrated the direct CVD of a large-
size and homogeneous single- or few-layer graphene film on 
dielectric surfaces, including SiO2, Si3N4, and Al2O3, via sac-
rificial metal films (Cu and Ni) as we mentioned above; the 
metal layer could be removed by dissolution, affording the 
graphene directly on the insulator with no traces of polymer 
left from a transfer step.
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FIGURE 1.9 Direct growth of graphene/h-BN stacks by chemical vapor deposition. (a–d) CVD growth of h-BN on graphene.129 (a) Schematic 
showing the preparation of G/BN stacked film. (1) The Cu foil cleaned and prepared as the growth substrate; (2) high-quality and large-area 
graphene films grown based on CVD of n-hexane at a temperature of 950°C; (3) some graphene transferred onto SiO2 for further characteriza-
tion and the rest loaded into another furnace for the growth of h-BN film on top. (b) Optical microscopy image of graphene/h-BN stacked atomic 
layers supported by the SiO2 substrate. The wide stripe is graphene, located at the center. Some tiny SiO2 regions are noted. The rest of the area 
is covered by G/h-BN stack. (c) TEM image of the film edge show the number of layers and thickness of the G/h-BN film. (d) XPS depth profile 
show the evolution of count/second for B, N, and C 1s core levels during etching with Ar ion sputtering. The signal from B and N becomes weak 
during etching. (e) Synthetic protocol and spectroscopic analysis of bilayer graphene.143 (Reprinted with permission from (a–d) Liu, Z. et al. 
Direct growth of graphene/hexagonal boron nitride stacked layers. Nano Letters 11, 2032–2037. Copyright 2011 American Chemical Society; 
(e) Yan, Z. et al. Growth of bilayer graphene on insulating substrates. Acs Nano 5, 8187–8192. Copyright 2011 American Chemical Society.)



15Graphene Heterostructures

1.4  ALL-CARBON G/CNT VERTICAL 
HETEROSTRUCTURE

CNTs, as warped graphene, have unique electric transport 
properties. The electrons in CNTs move only along the con-
fined tube’s axis (typically less than 2 nm for single-walled 
carbon nanotubes, SWNTs) and the electron transport involves 

quantum effects. Subsequently, CNTs are frequently referred 
to as 1D conductors. It is well-known that the maximum elec-
trical conductance of an SWNT is two times of quantum con-
ductance (2G0, ~7.7 × 10−5/Ω). Theoretical work suggested that 
a covalently bonded graphene/SWNT hybrid material would 
extend those properties to three dimensions, and be useful in 
energy storage and nanoelectronic technologies.8,9,54,192–194
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FIGURE 1.10 Synthesis, characterization, and applications of graphene/CNTs heterostructures. (a) Schematic of graphene/CNTs hetero-
structure connected by seven-atom rings at the transition from graphene to nanotube. This hybrid may be the best electrode interface mate-
rial possible for many energy storage and electronics applications.53 (b) SEM image of graphene/CNTs heterostructures. Scale bar, 1 μm. (c) 
Scheme for the synthesis of CNT forests on graphene porous nickel. (1) The porous nickel substrate; (2) few-layer graphene is formed on the 
porous nickel by a CVD method; (3) Fe and Al2O3 are sequentially deposited on the graphene using e-beam evaporation; (4) a CNT forest 
is directly grown from the graphene surface while lifting the Fe/Al2O3 catalyst layer.8 (d) Photographs of porous nickel, graphene porous 
nickel, and CNT graphene porous nickel (from left to right).8 (e) High-resolution BF-STEM images of the root of CNTs. Scale bar, 1 nm.53 
(f) Variation of the emission current density as a function of the applied field for S1 (CNT, 60 min), S2 (CNT, 5 min), and S3 (CNT, 2 min). 
The inset is the enlarged data, from which the turn-on fields are determined at the current density of 0.01 mA/cm2.9 (Reprinted by permis-
sion from Macmillan Publishers Ltd. Nature Communications, Zhu, Y. et al. A seamless three-dimensional carbon nanotube graphene 
hybrid material. 3, 1225, copyright 2012 and Reprinted with permission from Yan, Z. et al. Three-dimensional metal–graphene–nanotube 
multifunctional hybrid materials. ACS Nano 7, 58–64. Copyright 2012 American Chemical Society.)
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Figure 1.10a illustrates a graphene/CNT heterostructure 
with covalent bonds. The 5–7 rings may play an important 
role that provides the C–C bonding between graphene and 
CNTs.53 Figure 1.10b shows a typical graphene/CNT by the 
CVD method. Figure 1.10c is a schematic of the growth pro-
tocol. First, graphene was grown on porous nickel. Alumina 
and iron were deposited on graphene as catalyst for the sub-
sequent growth of CNTs. The photography of as-grown gra-
phene/CNTs on Ni foams is shown in Figure 1.10d. From 
left to right are porous nickel, graphene porous nickel, and 
CNT graphene porous nickel, respectively. Owing to the 3D 
architectures, it becomes a great challenge to characterize the 
interfaces between graphene and CNTs (Figure 1.10e). The 
work by Zhu et al.53 implies the interfaces consist of 5–7 rings.

The graphene/CNT heterostructure has a very large surface 
area (~2000 m2/g), making it a promising material for energy 
storage.53 In addition, graphene/CNT hybrid is a good can-
didate for high-performance field emission. Compared with 
previous reports, the current density at a field of 0.87 V/μm is 
~13 mA/cm2 (Figure 1.10f), one of the highest reported val-
ues, to date.8 The capacitive properties are also examined. The 
rectangular and symmetric shape of the cyclic voltammetry 
curves (CVs) were observed at high scan rates of 500 mV/s, 
supporting the suggestion of low contact resistance for the CNT 
graphene porous nickel interface (Figure 1.10g).8 An almost 
constant specific capacitance as the scan rate up to 1.00 A/g is 
confirmed, which indicates the high diffusion conductivity of 
the active material and the electrolyte. Lin et al. reported that 
the graphene/CNTs based micro-supercapacitors can deliver a 
high volumetric energy density of up to 2.42 mW h/cm3 in the 
ionic liquid, more than 2 orders of magnitude higher than that 
of aluminum electrolytic capacitors. The ultrahigh rate capabil-
ity of 400 V/s enables a maximum power density of 115 W/cm3 
in aqueous electrolyte using the microdevices.9 These results 
show the great potential of graphene/CNT heterostructures for 
their promising applications in electronic and energy devices.

1.5 CONCLUSIONS

Graphene heterostructures have recently emerged as a prom-
ising area of research beyond graphene. Graphene on h-BN 
architecture, as the first graphene heterostructure, was intro-
duced in 2010 and has been recognized as an approach to 
realize high-quality graphene as that of suspended graphene. 
Owing to the lack of a bandgap, graphene FET shows very 
high mobility yet poor “ON/OFF” ratio, which is a main 
obstacle to the application of graphene in electronic industry. 
Graphene heterostructures with particular architectures were 
expected to open a bandgap in graphene, which has been con-
firmed by recent experiments. Graphene heterostructures can 
also find many applications such as in high “ON/OFF” ratio 
FETs, photodetectors, solar cells, etc. It is expected that an 
increase in discoveries and continuing progress will emerge 
in this research area in the near future.

In this chapter, we first demonstrated the synthesis, charac-
terizations, and applications of planar graphene heterostructures 

including the phase-separated h-BNC materials and doped gra-
phene. Experimentally, it has been proved that the bandgap of 
hybridized BNC films can be tuned in a large range by chang-
ing the concentrations of BN and graphene. In the next part, we 
summarized the progress on various vertical graphene hetero-
structures such as graphene-h BN, graphene-TMDs stacks, and 
superlattice. The fabrication technique is of critical importance 
in the research and applications of graphene heterostructures. 
We have demonstrated that CVD can be used as a most effec-
tive way for achieving all of these lateral and vertical graphene 
heterostructures. Finally, we introduced the 3D G/CNT as an 
example of other types of graphene heterostructures, which 
show great promise in applications such as energy harvest and 
field emission.
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2 Atomic-Scale Defects and 
Impurities in Graphene

Rocco Martinazzo

ABSTRACT

Atomic-scale defects such as carbon atom vacancies and neu-
tral impurities such as adatoms play an important role in gra-
phene because of the huge impact they have on its low-energy 
electronic structure. This chapter summarizes the current 
understanding of the effects they have on the structural, elec-
tronic, magnetic, chemical, and transport properties of this 
material. The emphasis is on a few theoretical aspects that 
help to critically examine available experimental data.

2.1 INTRODUCTION

In spite of its extraordinary and fascinating properties, gra-
phene is not immune to defects. Native defects such as 
missing carbon atoms, topological imperfections, and grain 
boundaries appear spontaneously in graphene and can also 
be easily introduced in the lattice by electron or heavy-atom 
bombardment. Foreign species such as adsorbed hydrogen 
atoms, small hydrocarbon, and hydroxyl groups, are unavoid-
able contaminants due to, for example, the same hydrocarbon 
sources used in the growing process (when using chemical 
vapor deposition) or the “raw” precursor material employed 
(as it happens for graphene oxide). Treatments with relatively 
“high energy” sources are routinely used to introduce atoms 
forming stable (chemical) bonds with the substrate, while 
simple exposure to several gases (from inert molecules to met-
als) leave weaker bound ad-species on the surface, which are 
commonly employed for charge doping.

Obviously, because of its one-atom thickness, graphene 
is extremely sensitive to any lattice defect or adsorbed atom 
present on its “surface,” with negative effects for device appli-
cations. For many reasons though, this sensitivity is better 

considered as an added feature, which prospectively could 
also be employed to tune its properties.

In this chapter we review the basic features of commonly 
found atomic-scale defects such as carbon atom vacancies 
and (monovalent) chemically bound ad-species, for which a 
common (and relatively simple) picture of their physics and 
chemistry has emerged in the last years. These defects have 
in common the property that they strongly affect a single lat-
tice site at a time, and essentially remove a pZ orbital from 
the π-electron cloud. In turn, they act as strong, short-range 
(“resonant”) scatterers for charge carriers, leave an unpaired 
electron nearby (a quasi-localized spin-1/2 magnetic moment) 
and bias chemical reactivity toward specific neighboring lat-
tice positions. Some other defects (multiple vacancies, point, 
and extended topological defects) have more complex struc-
tures and more specific effects on graphene properties that a 
proper account would require a much ampler discussion, and 
we defer the interested reader to the excellent review articles 
available in the literature (Banhart et al. 2011, Kotakoski and 
Krasheninnikov 2011, Araujo et al. 2012, Terrones et al. 2012; 
Foa Torres et al. 2014). Defects such as physisorbed molecules 
or alkali metals have in many respects simpler effects (they 
act mainly as charge dopant) and will not be discussed here.

This chapter is organized as follows. After a brief intro-
duction (Section 2.2) of the main properties determining the 
peculiar electronic structure of graphene (aiming mainly at 
establishing notation), and of the experimental realization and 
characterization of defective substrates (Section 2.3), in Section 
2.4, we focus on isolated pz vacancies and discuss in detail the 
formation of the so-called midgap states. In Section 2.5, we dis-
cuss their role in charge transport, while Section 2.6 addresses 
their magnetic properties. Section 2.7 deals with chemical prop-
erties, and Section 2.8 summarizes and concludes.
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2.2 THE π-ELECTRON CLOUD

As is well known, carbon atoms in graphene are arranged in a 
honeycomb lattice by strong and directional σ bonds between 
sp2 orbitals, which form occupied σ bands at energies well 
below the Fermi level and are responsible for the extraordinary 
mechanical properties of graphene. The remaining valence elec-
trons (one for each carbon atom) populate a π band and spread 
over the lattice. The band is completely filled at zero tempera-
ture and charge neutrality, and comes with an empty, “antibond-
ing” π* band and no energy gap between the two (differently 
from what happens in many conjugated polymers). Such simple 
π/π* band system governs the low-energy (up to ~1 eV) behav-
ior of charge carriers in graphene and is responsible for the 
remarkable electronic and optical properties of this material. It 
was first described by Wallace more than 60 years ago with a 
model tight-binding Hamiltonian employing one pZ orbital per 
site, which describes the dynamics of conduction electrons in 
the effective potential created by the σ network (Wallace 1947). 
In modern (second quantized) language it reads as
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† †,  (ai, bi ) describe creation (destruction) of an elec-

tron on the i-th lattice site of the A, B sublattices of which 
graphene is made, the first two sums run over the sites that are 
nearest neighbors (t is the corresponding hopping energy), the 
second ones over the sites that are nearest neighbors in each 
sublattice (with hopping |t′| ≪ t) and the on-site energies (the 
energy of pZ orbitals in carbon atoms) have been set equal to 
zero. In the absence of magnetic fields, the hopping integrals 
can be chosen real, and the accepted value for t is ~2.7 eV 
while t′ depends on the parameterization used. Neglecting 
overlap between orbitals on different C atoms, the usual 
anticommutation rules hold and introducing the Fourier-
transformed creation (annihilation) operators a bk k

†, †  (ak, bk) 
the Hamiltonian takes a block diagonal form. In the matrix 
notation of the sublattice components ck k k

† † †[ ]= a b  it reads as
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where the sum runs over k points in the first Brillouin zone, 
and the matrix elements of the 2 × 2 k-Hamiltonians contain 
“structure factors” for the nearest- and next-nearest neighbors,
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(δi are the vectors joining an A site to its neighboring B sites). 
Diagonalization gives the energy bands ε(k),

 ε( ) ( ) | ( )|k k k= − ′ ±t g t f

where the minus (plus) sign solution correspond to the 
π(π*) band (see, e.g., Wallace 1947, Castro Neto et  al. 
2008, Katsnelson 2013). Close to the K point (the one at 
2 3 2 3 0π/ /( , )− dCC if the x axis is set along the zig-zag direc-
tion, dCC being the carbon–carbon bond length ~1.42 Å) we 
have f(K + q) ~ 3dCC/2(qx − iqy) and the dispersion is linear,

 H K q q( )+ ≈ �ν σF

thereby giving rise to the well-known Dirac cones where the 
low-energy carrier dynamics takes place. Here, νF = (3/2)
tdCC /�, q = (qx, qy) is the momentum vector with origin at K, 
and σ = (σx, σy) are Pauli matrices describing a “pseudo-spin” 
(the sublattice degree of freedom). This latter Hamiltonian 
describes massless, relativistic fermions in (2 + 1)D, and 
forms the basis for the continuum approximation of the car-
rier dynamics in graphene, that is, for the (2-component) 
envelope wavefunctions at energies close to the Fermi level of 
the neutral system. Similarly, around K′, whose Hamiltonian 
is related to the one given above by time-reversal symme-
try, H(K′ + q) = H*(K − q). Consequently, the density-of-
states (DOS) is linearly vanishing at zero energy (it reads as 
ρ ε ε π( ) | | ( )= / �vF

2, per unit area per spin), one of the finger-
prints of massless Dirac electrons. This behavior challenges 
one’s intuition since experiments find a finite, nonzero mini-
mum conductivity at this energy.

Albeit simple, this tight-binding model is accurate enough 
in describing much of the behavior of conduction electrons 
in graphene. If only hopping between nearest neighbors 
is allowed the two sublattices form two disjoint sets where 
A-type sites connect to B-type sites only and vice versa. 
The Hamiltonian describes a bipartite system and dis-
plays an interesting symmetry (Coulson and Rushbrooke 
1940): for each nonzero energy level ε(k) and eigenfunction 
|ψk〉 = cA|A〉 + cB|B〉 (where |A〉/|B〉 is nonzero on A/B lat-
tice sites only), there exists a “conjugate” level with energy 
−ε(k) and wavefunction | | |′ = −ψ k〉 〉 〉c A c BA B . This is called 
electron–hole (e–h) symmetry since at half-filling (which is 
the case of graphene with one electron per site), the Fermi 
level lies at zero energy, and the above symmetry relates elec-
trons and holes. For a proof, let P be the projector on the A 
subspace and Q = 1 − P that on the B subspace. The opera-
tor C = P − Q is self-adjoint, null-potent (C2 = 1), and satis-
fies CHC = −H if only nearest-neighbors terms are retained 
in H. Then HC|ψk〉 = −ε(k)C|ψk〉 and | ′ 〉 = 〉ψ ψk kC| . Notice that 
in the continuum (long wavelength) approximation C reduces 
to the z component of the pseudo-spin in spinor notation (σz), 
and describes chirality of graphene Dirac fermions.

As we shall see in the following, e–h symmetry plays an 
important role in graphene, even if it holds only approxi-
mately. Here, we just notice that, because of such symmetry, 
the gapless nature of graphene would be accidental without a 
specific reason for having energy levels exactly at zero. The 
specific reason is provided by the spatial symmetry of the 
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substrate. Graphene has the same point symmetry of benzene, 
with sixfold rotation axis perpendicular to the lattice plane 
and mirror planes between them, in addition to the mirror 
plane of the lattice itself and the ensuing inversion center. It 
belongs to the so-called D6h point symmetry group, which is 
the point group appropriate for symmetry operations in real 
space. For a Bloch electronic state with k-vector k, symme-
try is reduced to that subgroup of D6h which either leaves k 
invariant or transform it into one its reciprocal lattice images, 
k → k + G, where G is a reciprocal lattice vector. This is the 
k-group at k and determines the possible symmetry of the 
electronic states. For instance, the k-group at K is D3h since 
only threefold rotation axes and three of the mirror planes 
transform the K images into themselves (the remaining sym-
metry elements determine the so-called star of the given k 
point, i.e., the set of points generated by applying these sym-
metry elements to k. Such a set of physically distinct points in 
k space are degenerate in energy; this is the case, for instance, 
of K and K′, which belong to the star of each other).

The point here is that graphene is symmetric enough that 
allows high-symmetry k-groups (i.e., with rotation axis of 
order >2) supporting two-dimensional (real) irreducible rep-
resentations (E irreps), namely D6h at Γ (obviously) and D3h 
at K, K′. Since spatial symmetry is almost compatible with 
e–h symmetry (i.e., it does not mix one- and two-dimensional 
irreps, even though it may transform a specific representation 
into a different one of the same dimension), a single level at 
zero energy may only appear if the electronic wavefunctions 
span a two-dimensional irreducible representation. This is 
exactly the case of the K(K′) point, where Bloch functions 
built with pz orbitals of the A and B sublattice span the E 
irrep of the above D3h k-group. Furthermore, this symmetry 
argument is enough to explain the conical dispersion of the 
energy at the K(K′) point which makes graphene so attractive; 
without an inversion center degeneracy is lifted already at first 
order in k ⋅ p perturbation theory when moving away from the 
corners of the Brillouin zone.

While spatial symmetry is exact, e–h symmetry holds in 
the nearest-neighbor approximation only. Nevertheless, since 
inclusion of higher-order hopping terms does not modify the 
level ordering (i.e., the minimum of the π* band lies always 
above the top of the π band) the Fermi level at charge neutral-
ity exactly matches the energy where the E irrep is found.

The tight-binding Hamiltonian above describes single-
electron properties in graphene quite accurately but is nec-
essarily inadequate for investigating many-body phenomena 
such as magnetism. Improvements can be achieved by includ-
ing short-range electron–electron interactions in the form 
of a repulsive on-site Coulomb term, as originally proposed 
by Hubbard in the physical literature (Hubbard 1963) and 
Pariser–Parr–Pople in the chemical literature (Pariser and 
Parr 1953a,b, Pople 1953). As is shown below, the resulting 
Hubbard–Pariser–Parr–Pople (HPPP) model Hamiltonian, 
though not simple enough to be analytically solvable, offers 
some exact results on the behavior of the electrons in gra-
phene, which are very useful in practice, at least as long as the 
system is charge neutral. Numerically, the model can be solved 

exactly for few electrons only (it remains a correlated prob-
lem) and thus its mean-field approximation is often used as a 
surrogate. In this form it was long used to investigate (very) 
large systems, that is, of dimensions far outside the range 
of applicability of first principles density-functional theory 
(DFT) methods applied to the exact Hamiltonian. Nowadays, 
however, computational power and software development 
have been making the pseudo-potential DFT approach the 
method of choice for solving (at least in principle) the exact 
electronic problem for systems of ever-increasing size (thou-
sands of atoms), and the number of realistic DFT studies of 
graphene-related systems has increased enormously.

Closely related to the above HPPP model, and very useful 
in providing simple ways of looking at graphene electronic 
properties, is the resonating valence bond (RVB) model pro-
posed by Pauling soon after Wallace introduced his tight-
binding picture. The model relies on the traditional picture of 
chemical bonds in terms of Lewis structures—properly modi-
fied to describe the “chemical resonance” phenomenon—and 
account for both localization and band-like behavior, much 
like the above HPPP model (see, e.g., Cooper et  al. (1986) 
for an application to benzene, the basic building block of gra-
phene). In fact, it is not hard to show, for instance, that the 
Hubbard model for the H2 molecule can be obtained from 
a simple (the so-called Coulson–Fisher) VB ansatz to the 
two-electron wavefunction. In the following we will make a 
qualitative use of this chemical picture, as it provides insights 
into the formation of defects and their properties; see though 
Wassmann et al. (2010) who successfully applied the VB con-
cept of Clar’s sextets to investigate the influence of the edge 
termination on the structure of graphene nanoribbons.

2.3  DEFECT FORMATION AND 
CHARACTERIZATION

In this section, we briefly describe how defects such as ad-
atoms and carbon atom vacancies are typically introduced in 
graphene and eventually imaged or identified. As we shall see 
in the following, even though the above defects have simi-
lar effects on the electronic structure, they are introduced in 
rather different ways on the lattice, that is, low-energy beams 
for adsorbing neutrals versus high-energy electrons or ions for 
creating vacancies. Consequently, ad-species are produced 
under kinetic control and tend to cluster on the surface, while 
vacancies form random patterns and typically come with a 
number of defects of similar formation energy.

Irradiation by high-energy particles is a main tool for cre-
ating defects in graphene, and it has long been employed on 
many carbon structures (graphite, fullerenes, carbon nano-
tubes, etc.). In contrast to bulk materials, when irradiating 
graphene energetic particles typically pass through the lat-
tice without dissipating all their energy into the system. In 
addition, whether displacing a carbon atom, this is definitely 
ejected from the target and hardly enters a collision cascade 
or gets trapped somewhere else.

In general, the outcome of the irradiation process depends 
on how much energy is transferred to the lattice in individual 
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collisions. Whether this energy is higher than the displace-
ment energy (~22 eV for carbon atoms in graphene, Kotakoski 
et al. 2010) one or more carbon atoms can be removed from 
the lattice, thereby leaving a single or a multiple vacancy aside 
(Banhart et  al. 2011, Kotakoski and Krasheninnikov 2011, 
Terrones et  al. 2012). Knock-on displacements are readily 
achievable with a transmission electron microscope (TEM) 
where electrons can acquire energies up to several hundred 
kiloelectron volts. This gives TEM a central role in this con-
text, since the very same experimental setup is used to create 
the defects and to image the surface. Controlled formation can 
be achieved at low energy (~100 keV), right above the thresh-
old for the electron-induced carbon displacement (Meyer et al. 
2010), and indeed aberration-corrected high-resolution (HR) 
TEM operating at 80 keV has been used to create defects of 
various kinds, image them with atomic scale resolution and 
follow their evolution on a second time scale (Meyer et  al. 
2008); even imaging the atomic-level random walk of single 
point defects has been shown possible in this way (Kotakoski 
et  al. 2014). Generally speaking, the defects introduced in 
the lattice are Thrower–Stone–Wells defects (the π/2 bond 
rotation which forms a heptagon–pentagon pair), single and 
double carbon atom vacancies, and pentagon–heptagon and 
pentagon–octagon clusters. Carbon atoms tend to keep their 
threefold coordination and rearrange their bonding pattern to 
accommodate the energy transferred to the lattice; in addi-
tion, at low irradiation energy, only combination of five-, 
seven-, and eight-membered rings that avoid dislocations and 
keep the surface planar appear.

Ion irradiation allows a much larger momentum transfer 
to the surface and is typically used at lower energy than elec-
trons. If the ions used in the irradiation process are carefully 
selected, the technique also allows some chemical modifica-
tion of the substrate, that is, replacement of one or more carbon 
atoms with foreign species (Kotakoski and Krasheninnikov 
2010, Terrones et al. 2012).

Neutral atomic or molecular beams are more difficult to 
handle, and adsorption experiments are typically performed 
with thermal beams. In the case of graphene, adsorption (che-
misorption) is an activated process, which requires hyper-
thermal beams to dissociate a precursor molecule and create 
atomic/molecular species that are able to bind to the sub-
strate. For instance, chemisorption of hydrogen atoms has a 
relatively high activation barrier of ~0.2 eV that hot hydrogen 
atoms produced by dissociating H2 molecules at ~2000 K are 
needed to observe sticking and, because of that, for a long 
time graphite was considered to be unable to adsorb (chemi-
sorb) hydrogen atoms (Martinazzo et al. 2013). Furthermore, 
as we shall discuss later in this chapter, hydrogen atoms have 
been shown to be immobile on the surface (Hornekær et al. 
2006) and, in contrast to the defects discussed above, tend 
to cluster at all but the smallest coverages (<1%). The case of 
hydrogen atoms has long been studied because of its relevance 
in many fields but most of the results found in this context 
hold for similar monovalent species that bind to the substrate 
through a covalent bond.

Characterization of defects is possible with several tech-
niques. As already mentioned above, aberration-corrected 
HR-TEM allows one to image individual carbon atoms and 
defects in the lattice and to follow their dynamics on the time 
scale needed to acquire images (seconds). Similar resolution 
can be achieved with the scanning tunneling microscope, even 
though in this case one rather images electronic states close 
to the Fermi level. Raman spectroscopy has been shown to be 
particularly useful in this context, though the kind of informa-
tion obtained refers to the whole area illuminated by the laser 
spot. A distinct, defect-induced peak (D band) in the Raman 
spectrum appears in the presence of atomic-scale defects at a 
frequency well below the G peak thanks to inter- and intra-
valley scattering processes, along with a shoulder slightly 
above the G peak (D′ band) (Ferrari 2007). The intensity ratio 
D/D′ has been shown to be characteristic of the type of defect 
introduced: ~13 for sp3 defects such as the adsorbed H atoms 
mentioned above, ~7 for vacancies, and ~3.5 for boundaries 
(Eckmann et al. 2012). In addition, a number of surface sci-
ence techniques have long been used to characterize adatoms 
in graphite, for example, temperature programmed desorption 
and high-resolution electron energy loss spectroscopy (Zecho 
et al. 2002) and, when possible, information readily translated 
to graphene; see Martinazzo et  al. (2013) for a recent sum-
mary of available experimental and theoretical results con-
cerning hydrogen species.

2.4 MIDGAP STATES

As mentioned in the introduction, the defects described in this 
chapter have in common the removal of a pZ orbital from the π 
cloud. This occurs either because one carbon atom is removed 
from the lattice or because its pZ orbital gets engaged in a 
strong chemical bond with an adsorbed species.

The latter situation is best exemplified by the adsorption 
of H atoms, which has long been studied on graphite because 
of its importance for the chemistry of the interstellar medium 
(see, e.g., Casolo et  al. 2013). Jeloaica and Sidis (1999) and 
Sha and Jackson (2002) first showed that chemisorption on 
graphite is possible if the substrate is allowed to relax and 
that, among the four possible adsorption sites, the hollow and 
bridge are not binding, while the two atop sites (with or with-
out a carbon atom on the second layer) give essentially the 
same behavior, in line with the expectation that only strong 
and directional CH bonds are plausible. Given that graphene 
chemistry is hardly affected by the presence of underly-
ing weakly bound layers (in graphite the first one lies 3.4 Å 
below) quantitatively similar results are expected (and found) 
for free-standing graphene (see, e.g., Boukhvalov et al. 2008, 
Casolo et al. 2009).

Importantly, adsorption on the top site induces a surface 
reconstruction (“puckering”)—an outward motion of the car-
bon atom beneath the adsorbed hydrogen—which occurs as 
a consequence of the sp2–sp3 rehybridization of the carbon 
valence orbitals needed to form the chemical bond. Such 
rehybridization induces a change in the local geometry of the 
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substrate from planar (sp2) to tetrahedral (sp3), which actually 
extends several Angstroms away from the defect (Ivanovskaya 
et  al. 2010). It is the combined effect of the strong hybrid-
ization between C and H orbitals and the reduced overlaps 
with pz orbitals of neighboring sites that decouples the CH 
electrons from the π bands. In addition, such lattice distortion 
greatly enhances the otherwise negligible spin–orbit coupling 
in graphene (Castro Neto and Guinea 2009, Zhou et al. 2010) 
and makes the realization of the spin Hall effect possible 
(Balakrishnan et al. 2013).

In this context, it is worth noticing that the energy required 
for the surface reconstruction (defined as the energy differ-
ence between the relaxed and the puckered configuration) 
is substantial (~0.8 eV, to be compared with the net binding 
energy of ~0.8–0.9 eV) and this has important consequences 
for the hydrogen dynamics. First, as mentioned above, 
adsorption is an activated process with a barrier ~0.2 eV 
high, which prevents hydrogenation of (clean) graphene 
samples with room temperature gases; second, the diffusion 
barrier matches the desorption energy (the binding energy 
plus the adsorption barrier), what makes H species immobile 
on the surface (they desorb rather than diffusing) (Hornekær 
et al. 2006).

From an electronic point of view a pZ vacancy in graphene, 
being due to either a missing carbon atom or an adsorbed spe-
cies, creates an imbalance between the number of sites in the 
two sublattices, thereby strongly affecting the electronic states 
at low energy (i.e., at the Fermi level). This is already evident 
by counting the states and remembering the e–h symmetry: 
upon removal of a single site the odd-numbered system nec-
essarily has a zero energy level (“mode”). This zero-energy 
state is a singly occupied molecular “orbital” dubbed midgap 
state even though a gap is not really present. When relaxing 
the nearest-neighbor approximation such state moves away 
from the Fermi level, but remains very close to it for reason-
able values of the hoppings.

More generally, the appearance of midgap states is a com-
mon feature of bipartite systems, which has long been inves-
tigated and rediscovered several times in different contexts. 
Here, for bipartite system we mean a system whose Hamiltonian 
takes an off-block diagonal form, H = HAB + HBA, where A, B 
identifies two complementary subspaces of the Hilbert state 
space and (call PA and PB the corresponding projectors) 
HAB = PAHPB, etc.; in graphene with only nearest-neighboring 
hoppings A and B obviously identify with the space spanned 
by the pZ orbitals of the two sublattices, respectively, and thus 
in the following we refer to A, B “sites” to mean A, B “states.” 
A simple result can then be stated as follows (Inui et al. 1994, 
Yazyev 2010): in any bipartite lattice in which the numbers of 
sites in the two sublattices (call them NA and NB) are not equal 
to each other, there exist at least η = |NA − NB| linearly inde-
pendent eigenfunctions of the Hamiltonian at zero energy, 
all with null amplitudes on the minority sublattice sites. The 
proof is simple: for let NA > NB and |ψ〉 = Σiαi|αi〉 be a trial 
solution at zero energy, with {|αi〉} a complete set in A; the 
coefficients αi have to satisfy Σi〈βj|H|αi〉αi = 0 for j = 1,…NB, 

which is a set of NB equations for the NA > NB coefficients αi, 
that is, having at least η linearly independent solutions. This 
also shows that the zero-energy modes localize on the A lat-
tice sites.

We have thus proved the imbalance rule, a very useful 
result in graphenic systems, which gives the minimum number 
of zero energy modes to be expected. More generally, the con-
cept of nonadjacent sites in an N-site bipartite system helps 
counting the number of such states (Longuet-Higgins 1950, 
Fajtlowicz et al. 2005, Yazyev 2010), as the simple argument 
below shows.

We say that two sites are nonadjacent if they are not bound 
(connected by a transfer integral) to each other; for instance, 
two sites on the same sublattice are nonadjacent. Clearly, 
there exists a maximal set of nonadjacent sites and we call α 
the sites in this set, and β the remaining ones (Nα, Nβ = N − Nα 
in number, respectively). Each site α binds at least one site 
β, otherwise it would be completely isolated and could be 
removed at the outset. Arranging one electron per site, how-
ever, we can form at most Nβ bonds at a time, and therefore 
we are left with η = Nα − Nβ unpaired electrons. Equivalently, 
we end up with η = 2Nα − N midgap states localized on the 
maximal set of nonadjacent sites, and, eventually, restate this 
result by defining η as the number of unpaired electrons in the 
Lewis structure(s) with the maximum number of bonds; for π 
bonds in graphenic systems the latter are known as principal 
resonance structures.

Rigorously speaking (Fajtlowicz et al. 2005), for a generic 
(bipartite) system this result gives yet a lower bound only to 
the number of zero energy states, η ≥ 2Nα − N, though greater 
or equal than the above one based on the lattice imbalance 
(the reader may easily recognize that the latter is just a special 
result of this counting rule). In fact, there may exist further 
states at zero energy for specific values of the hoppings (H 
matrix elements), which are known as supernumerary modes 
(Longuet-Higgins 1950). However, they cannot occur in hex-
agonal (benzenoid) systems for which η ≡ 2Nα − N strictly 
holds.

The above results become largely relevant to “real” gra-
phene because e–h symmetry (bipartitism) holds to a large 
extent. Numerical calculations, both at the tight binding and 
at higher levels of theory (e.g., density functional theory), con-
firm the appearance of “zero-energy” modes associated with 
pz vacancies. Interestingly, in graphene (at low defect den-
sity) it has been shown (Pereira et al. 2006, 2008) that these 
modes partially localize around each defect and decay with a 
1/r power law (corresponding yet to a nonnormalizable state), 
a result which has been nicely confirmed by experiments 
(Ugeda et al. 2010). See also Peres et al. (2006) and Pereira 
et al. (2008), who performed a comprehensive analysis of the 
effect that low-density defects have on the graphene density 
of states by means of analytic results and numerical tight-
binding calculations for millions of lattice sites. Analogous 
results have been found in DFT studies of vacancies and 
adsorbed species (H, F, OH, CH3, etc.), though at much higher 
defect densities, because of the periodic setting used in the 
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calculation. First principles results for vacancies and simple 
adatoms (H and F), for instance, are reported in Figure 2.1 
for a rather large simulation cell, a rectangular unit cell of 
dimensions 4.7 × 3.4 nm2 containing more than 600 atoms.* 
The spin-polarized density of states (DOS) for each of the 
above species is seen to have two peaks, one slightly below 
the Fermi level and one slightly above it, thus describing a 

* In these calculations the Perdew-Burke-Ernzerhof functional was used 
to handle exchange and correlation effects, core electrons were described 
by separable, norm-conserving pseudopotentials, and the single particle 
wavefunctions were expanded on a set of numerical atomic orbitals with 
compact support of double-ζ plus polarization quality, as implemented 
in SIESTA (Soler et  al. 2002). Fine k-meshes were employed to sample 
the Brillouin zone (4 × 5 in the self-consistent calculations and 16 × 22 
for computing the density of states) and geometry optimizations were 
performed till the maximum component of each atomic force fell below 
0.005 eV/Å (Martinazzo, 2014 [unpublished]).

singly occupied level. This is shown in the middle and the 
bottom rows of Figure 2.1, which display, respectively, the 
total DOS and its projection (PDOS) onto the three sites that 
are nearest neighbors of the defect. Such singly occupied state 
mainly localizes on the sites of the hexagonal sublattice oppo-
site to the defective one, as is evident from the maps of the 
spin density reported in the top row of Figure 2.1.

A complementary, easy-to-use picture of the appearance 
of midgap states can be obtained by applying the resonant 
valence bond picture mentioned in Section 2.2, and it has long 
been taught in organic chemistry classes when discussing 
electrophilic aromatic substitution reactions. Considering H 
adsorption as a specific example, it is not hard to realize that 
binding of a H atom breaks the aromatic network and leaves 
one unpaired electron on the lattice (see Figure 2.2). The lat-
ter is free to move by bond switching, as can be easily seen by 
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drawing the corresponding resonance (Kekulé) structures of 
similar energies: spin recoupling with a neighboring double 
bond creates an unpaired electron in one of every two lat-
tice sites, namely on the same majority set predicted by the 
counting rules given above (see Figure 2.2, bottom). In fact, 
such itinerant electron is equivalently described by a singly 
occupied molecular orbital delocalized on such a set. As we 
shall see in the following, despite its simplicity, such picture is 
powerful in describing spin and/or charge density localization 
in conjugated molecules in general and graphene in particu-
lar, and thus very useful for predicting chemical reactivity.

Finally, one further complementary way to look at the zero-
energy modes in graphene is provided by the (noninteracting) 
Anderson model, which we discuss here in some detail because 
it is instrumental for the following section. In this model the 
ad-species is described by a single level at energy εd (e.g., the 1s 
level of a H atom), which is let to hybridize with a carbon atom 
of the lattice, say of A type at the origin, by adding the term

 ′ = + +H d d V a d d adε † † †( )0 0

to the lattice Hamiltonian (here V is the hybridization energy). 
The problem can be solved exactly by means of the Green’s 
function or, equivalently, of the T-matrix. To this end, we first 
introduce the two complementary subspaces that describe the 
“lattice” and the “impurity” (call P and Q the corresponding 
projectors) and, upon partitioning, write the exact Green’s func-
tion of the lattice (GPP) in terms of an effective, energy-depen-
dent lattice Hamiltonian, that is, G HPP P( ) ( )ε ε= − −eff 1 with
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where H is the lattice Hamiltonian and gQQ (the uncoupled 
impurity Green’s function) introduces a resonant, on-
site potential veff on the defective lattice site. Similarly, 
G HQQ Q( ) ( )ε ε= − −eff 1 and

 H d d H g H V g d dQ d QP PP PQ d
eff ( ) ( )( )ε ε ε ε= + = +† †2

0

where g0(ε) is the on-site Green’s function of the defect-free 
lattice. The latter reads as g0(ε) = −ε/D2ln[(D/ε)2 − 1] − iπ|ε|/
D2 for ε < D and g0(ε) = −ε/D2ln[1 − (D/ε)2] otherwise, 
if the Dirac-cone approximation is employed; here D is 
the bandwidth and can be chosen to give the correct low-
energy behavior of the DOS, namely D t2 23= π . Next, 
we solve the lattice problem with the scattering potential 
V v a aeff eff= 0 0

†  by solving the Lippmann–Schwinger equation 
for the T-matrix, T = (1 − VeffG0)−1Veff (here G0 is the bare 
Green’s function of HP

eff , i.e., of the lattice). This is possible 
for any strength of the coupling because Veff has a separable 
form, and gives the T-matrix in the form T t a a( ) ( )ε ε= 0 0

†  
where
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with gd(ε) = 〈d|GQQ(ε)|d〉 = Tr(GQQ(ε)). In turn, T determines 
the Green’s function of the HP

eff problem,

 G G G T GPP ( ) ( ) ( ) ( ) ( )ε ε ε ε ε= +0 0 0

and the DOS can be computed from the imaginary part of its 
trace,

+ H

H H

FIGURE 2.2 Resonating valence bond model of the itinerant electron in the zero-energy mode, as applied to the case of hydrogen adsorption on 
graphene. Bond switching (arrows) in graphene (top) and in hydrogenated graphene (bottom) connects different chemical resonance structures.
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where ρ0(ε) = −(1/π)Im(Tr(G0(ε))) = −(N/π)Im(g0(ε)) = N|ε|/
D2 is the DOS of the bare lattice with N sites. Adding the 
impurity level DOS ρd(ε) = −(1/π)Im(gd(ε)) and rearranging, 
it follows:
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Of interest is the strong-coupling, “unitary” limit (V large) 
where the impurity level strongly hybridizes with the given 
lattice site and effectively removes it from the π band system. 
In this limit a bonding–antibonding pair of orbitals forms 
between the impurity and the neighboring lattice site and it 
draws the whole spectral density of the impurity level outside 
the lattice band, at energies ~± V. Indeed, upon computing 
ρd(ε) for large energies in this limit
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A resonance appears close to the neutrality point, irrespec-
tive of the original position of the impurity level (t(ε) ~ −1/g0(ε) 
in this limit), which however has negligible weight on the impu-
rity (gd(ε) = t(ε)/V2): it corresponds to a resonant level close to 
the neutrality point, which localizes on the lattice, that is, the 
above-mentioned midgap state housing an itinerant electron.

Even though common adsorbates are not in the true uni-
tary limit and not necessarily develop the bonding–anti-
bonding pair, the appearance of a low-energy resonance is a 
common feature of strongly interacting impurity levels, which 
can be easily traced back to the behavior of the graphene 
DOS. Notice though that a dip appears at low energies in 
Δρ(ε) = ρ(ε) − ρ0(ε) (i.e., Δρ(ε) < 0) that makes results physi-
cally meaningful in the true thermodynamic limit N → ∞ 
only: this means that the above T-matrix approach, when 
applied at the neutrality point, actually works for infinitely 
diluted systems only.

2.5 CHARGE TRANSPORT PROPERTIES

As seen in the previous section, pZ vacancies strongly affect 
the electronic states in the vicinity of the Fermi level and 
therefore act as important scattering centers for charge carri-
ers in graphene, both at zero and finite electron density (Peres 
et al. 2006, Robinson et al. 2008, Ferreira et al. 2011, Peres 
2010, Wehling et al. 2010).

Charge transport at the neutrality point is in the quantum 
regime and cannot be addressed with semiclassical means, 
but it is obvious that the enhancement of the DOS due to the 
appearance of zero energy modes may provide a mean for 
sustaining transport at neutrality, where a nonzero conductiv-
ity of the order of the conductance quantum ~e2/h is experi-
mentally found under different conditions (Castro Neto et al. 
2008, Mucciolo and Lewenkopf 2010, Peres 2010). Although 
at such low energies (long wavelengths) real samples are no 
longer homogeneous and e–h puddles develop (Martin et al. 
2008) that likely dominate the behavior of charge carriers in 
realistic situations (Polini et al. 2008, Rossi and Das Sarma 
2008), theory predicts a conductivity minimum of 4e2/πh for 
a wide range (several orders of magnitude) of neutral impurity 
concentrations (Peres et al. 2006, Stauber et al. 2008), which 
is also found by a number of numerical Green–Kubo quan-
tum calculations with model resonant scatterers. Numerical 
calculations further show that at increasing defect density a 
plateau develops in the conductivity around the neutrality 
point (Ferreira et  al. 2011, Wehling et  al. 2010, Yuan et  al. 
2010), in correspondence of the appearance of an impurity 
band, and increasing further the impurity concentration leads 
to conventional Anderson localization of the electronic wave-
functions (Cresti et al. 2013, Jayasingha et al. 2013, Lherbier 
et  al. 2013). Indeed, pZ vacancies act as strong, short-range 
scatterers and introduce inter-valley and, in general, back-
scattering processes. In the absence of inter-valley scattering 
mechanisms, graphene undergoes weak anti-localization, and 
shows a conductivity that increases with increasing system 
size and/or disorder (see, e.g., Das Sarma et al. 2011).

At finite electron densities, for some time, scattering by 
neutral impurities (including short-range scatterers of the type 
discussed here) was considered marginal only, because results 
obtained within the first Born approximation were clearly at 
odds with the linear (or sublinear) dependence of the conduc-
tivity on the doping charge density (Castro Neto et al. 2008). 
Experiments indeed clearly show that mobility of graphene 
samples is essentially independent on the doping charge ne 
and, according to standard Drude–Boltzmann theory,
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(where le is the transport mean free path and τe the corre-
sponding relaxation time; the factor of 2 comes from the val-
ley degeneracy) this requires a relaxation time linear in kF to 
explain the observed dependence on k nF e

2 = π . In this context, 
while short-range scatterers in the widely used Born approxi-
mation give rise to τe ~ 1/kF, Coulomb scatterers (supposedly 
present on the surface of the insulating layer where graphene 
is often supported) give the required τe ~ kF dependence 
(Castro Neto et al. 2008). Scattering of 2D Dirac fermions off 
Coulomb impurities has been analyzed in detail (Nomura and 
MacDonald 2007) and quantitative agreement with experi-
ments has been found when correctly taking into account 
screening and the wave vector and temperature dependence 
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of the graphene static dielectric function (Hwang and Das 
Sarma 2007, 2008, Das Sarma et al. 2011). There are though 
a number of experimental facts that are hardly accounted 
for if charges on the supporting substrates were the primary 
sources of scattering (see the discussion on this point in the 
review article by Peres 2010), and some measurements do 
indicate that scattering off neutral, resonant impurities may 
explain the observed mobilities at more reasonable impurity 
concentrations (Ni et al. 2010).

Here, without attempting to answer the question of whether 
the Coulomb or the short-range impurities are the primary 
source of scattering (which would require a careful consid-
eration of the specific experimental set-up used for transport 
measurements, e.g., the graphene preparation method, the 
device geometry and its composition) we explore the conse-
quences of the presence of the above-mentioned neutral impu-
rities on the transport properties of graphene.

Strong scattering potentials of the kind introduced by the 
impurities here considered cannot be handled with perturba-
tion theory and require different approaches (Ferreira et  al. 
2011). Among these, we focus on the T-matrix approach for the 
Anderson model described in the previous section, an approach 
pursued by several authors (Peres et al. 2006, Robinson et al. 
2008, Peres 2010, Wehling et al. 2010), but equivalent results 
can be obtained with the phase-shift method for similar physical 
situations (scattering of Dirac fermions by hard-disk potentials, 
see Ferreira et al. (2011), Peres (2010), and references therein).

According to scattering theory, the T-matrix determines 
the scattering amplitude, and thus the scattering cross-section. 
The actual relationship for Dirac fermions in 2D is given by
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where in the first term T-matrix elements are taken between 
k-states normalized on the momentum scale and in writing 
the second equality a large area A containing N graphene cells 
has been introduced, and T-matrix elements taken between 
states normalized on such area. For the T-matrix obtained in 
the previous section and graphene k-states
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(where nc = 2 is the number of carbon atoms per cell) scatter-
ing is isotropic and the transport cross-sections is just the total 
cross-section σ
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Here Ac is the area per C atom (half the area of the unit 
cell) and the factor of 2 stems from summing over both val-
leys. This expression can also be arranged in a form involving 
the DOS per unit area (and per spin) ρa(ε), namely,
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which gives the relaxation time in a Fermi’s golden-rule-like 
form
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where n and υ are the number of impurities per unit area and 
per carbon atom, respectively, and ρC(ε) is the DOS per C atom. 
It is easy to see from the last expression how the observed 
behavior of the relaxation time may arise: in the unitary limit 
t(ε) ~ −1/g0(ε) and, at low energies, Im(−(1/g0(ε))) ~ −(πD2/4)/
[ε ln2(D/ε)], from which it follows:
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which is linear in ε to within a logarithmic correction. In this 
limit, the d.c. conductivity reads as
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(where D t2 23= π ) or, equivalently, introducing the length 

scale R d dCC CC= ≈3 3 2/  (R2 ≡ AC, which is the area per C 
atom) and the density of charge carriers ne
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which explicitly shows the dependence of the conductivity 
on the number of carriers and impurities per C atom, namely 
neR2 and ν, respectively.

Similar results can be obtained in the continuum limit for 
hard-disk potentials with the phase-shift method (Ferreira 
et al. 2011). In the limit of a δ-like potential V(r) = v0δ(r) the 
problem can be solved exactly, similarly as shown above since 
the potential becomes separable in that limit. In that case, 
the T-matrix is diagonal in pseudo-spin space and reads as 
T t= ( ) ( )ε δ r  with
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where G0(ε) relates to the Green function of the 2D Dirac 
equation at the scatterer position. The appropriate Green func-
tion is a 2 × 2 matrix, which in k-space takes the simple form

 
G

v

v q
F

F

( )
( )

q
q

|ε ε σ
ε

= +
−
�
�2 2 2



30 Graphene Science Handbook

and thus G(x, x′|ε) (depending on x − x′ only) follows readily 
from this expression upon Fourier transforming in real space. 
For x = x′ the function is diagonal in pseudo-spin space, 
G(x, x|ε) = G0(ε)1, and
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Here k vF F= | |ε /�  has been used and a momentum cutoff 
1/Rc has been introduced to regularize the divergent Green’s 
function at the origin (this is reasonable since the continuum 
approximation does not hold for arbitrary momenta. A rea-
sonable limit for q is provided by the lattice constant of the 
reciprocal lattice and thus Rc has to be of the order of dCC). 
Accordingly, the differential cross-section follows as
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where the last term on the right-hand side involves the scatter-
ing angle θ and arises from the incoming and outgoing spin-
ors (note how backscattering is here suppressed). As different 
from before, scattering is no longer anisotropic and the trans-
port cross section reads as
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which is similar to the previous expression
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now written in terms of the unit cell area Ac. Plugging in the 
expression for the T-matrix, the d.c. conductivity follows simi-
larly as above (Ferreira et al. 2011):
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where the second equality holds in the unitary limit and νR 
have been defined above (πR Rc

2 2≡  if the same cutoff is used 
in both approaches).

The above results hold, strictly speaking, for vacancies 
only, since realistic adsorbates are not in the true unitary limit, 
as first principles results show: on fitting DFT-derived energy 
bands to the above Anderson model, for instance, Wehling 
et al. (2010) found V ~ 2t and |εd| ~ 0.1 eV for several neutral 
species, including H, OH, and alkyl groups. Under such con-
ditions, the complete T-matrix has to be used in the expres-
sion of the cross section and the d.c. conductivity computed 
correspondingly. After elementary algebra, the result can be 
written in the form
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where the dimensionless quantity η is given by η = D(ε − εd)/
V2 and q = 1 for holes and −1 for electrons. Importantly, this 
expression introduces an e–h asymmetry, which is related to 
the position of the impurity level, as seen in Figure 2.3 where 
the DOS, the cross sections, and the conductivities obtained 
with the T-matrix approach are given for representative values 
of the parameters of the Anderson model and for a concentra-
tion v = 0.1% of impurities.
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FIGURE 2.3 From left to right: DOS, cross sections, and conductivities for the noninteracting Anderson model described in the main text, 
with representative values of the parameters given in the legend, and for an impurity concentration of 0.1% defects per carbon atom. The upper 
scale on the rightmost panel gives the voltages for a hypothetical 300 nm-thick SiO2 insulating layer between graphene and the gate electrode.
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2.6 MAGNETIC PROPERTIES

We have seen in the previous sections that a pZ defect intro-
duces a midgap state in its neighborhoods which, at charge 
neutrality, is singly occupied. Thus, in dilute systems where 
hybridization does not occur each defect-induced level may act 
as a spin-half paramagnetic center. The question arises then 
whether this π moment can be quenched, at least partially, 
by interacting with conduction electrons—a common issue 
in metallic systems related to the appearance of the Kondo 
effect. In fact, charge transport measurements at low temper-
ature on graphene-irradiated samples showed a logarithmic 
increase of the resistivity, which may well be explained as 
a spin-half Kondo effect (Chen et al. 2011), though alterna-
tive explanations involving electron–electron interactions in 
the disordered system are possible (Chen et  al. 2012, Jobst 
et  al. 2012). There are actually notable differences between 
the conventional Kondo problem involving a spin-half local 
moment and the possible one related to the π midgap states: 
the zero energy modes extend over large regions, are built 
from the same π states responsible for conduction and no hop-
ping exists with the latter (Haase et al. 2011).

The problem of how π-midgap states interact with con-
duction electrons has been considered theoretically by Haase 
and coworkers (2011), who combined dynamical mean-field 
theory with quantum Monte Carlo simulations to solve a 
model for a resonant scatterer including locally the electron–
electron interactions, that is, with a Hubbard on-site repulsive 
term. The results of such calculations show that the magnetic 
susceptibility retains Curie-law behavior down to the lowest 
temperatures, thereby suggesting a ferromagnetic coupling 
between the π moment and the conduction electrons. Nair 
et al. (2012) have performed superconductive quantum-inter-
ference magnetometry experiments on carefully controlled 
fluorinated and irradiated graphene samples and measured a 
paramagnetic response, which could only be due to spin-half 
moments, thereby supporting the picture that π moments are 
not quenched.

At a closer look, however, a carbon atom vacancy is 
expected to behave differently from an adsorbate. This is 
because in the first case, in addition to the π electron, three 
additional dangling bonds are left on the σ network upon 
vacancy formation, and possibly couple with the π one. Even 
though a lattice reconstruction occurs that reduces the num-
ber of dangling bonds, two unpaired electrons are left on the 
reconstructed vacancy, apparently at odds with a spin-half 
paramagnetism.

Lattice reconstruction upon vacancy formation is due to 
a structural instability of the Jahn–Teller type. An isolated, 
unrelaxed vacancy has D3h symmetry, and the dangling σ 
bonds span the ′ + ′a e1  irreducible representations of this 
group, whereas the π state belongs to the ′′a2  symmetry spe-
cies. Among these symmetry adapted states, ′a1  is lowest in 
energy since it contains a purely bonding combination of σ 
orbitals; hence, the lowest energy many-body electronic states 
arise from configurations of the type …( ) ( ) ( )′ ′ ′′a e a1

2 1 1
2  and 

are of ′′E  symmetry for both the parallel and antiparallel 

alignment. It follows that the ground state is doubly degener-
ate for both spin alignments and undergoes (proper or pseudo) 
Jahn–Teller distortion. In the specific case of interest here, 
such distortion occurs because coupling of the electronics 
with in-plane e′ vibrations ([E″]2 = [E′]2 = A′ + E″) breaks the 
above symmetry and leaves a pentagonal ring and an “apical” 
carbon atom opposite to it (threefold degenerate) behind, see 
Figure 2.4. This is confirmed by several theoretical investiga-
tions (Lethinen et al. 2004, Yazyev and Helm 2007, Dharma-
wardana and Zgierski 2008, Palacios and Yndurain 2012) and 
HR-TEM analysis (Meyer et al. 2008). Such distortion actu-
ally induces a long-ranged strain field—recently observed in 
graphene on a metal surface (Blanc et al. 2013)—that impacts 
on the chemical reactivity several Angstroms away from the 
defect position (Krasheninnikov and Nieminen 2011); see 
Figure 2.4 for a map of such strain field as obtained by the 
first principles calculations mentioned in Figure 2.1.

As for the electronic structure, coupling between the two 
unpaired electrons is mainly governed by the vertical posi-
tion of the apical carbon (Casartelli et al. 2013): the ground 
state is a triplet with a planar equilibrium geometry and lies 
0.2 eV lower in energy than the open-shell singlet with one 
spin flipped; the latter is a bistable system with two equiva-
lent equilibrium lattice configurations (for the apical C atom 
above or below the lattice plane) and a barrier 0.1 eV high 
separating them. Accordingly, the exchange (Hund) coupling 

FIGURE 2.4 Structure of a carbon atom vacancy in graphene with 
the accompanying strain field, as obtained by the first principles cal-
culations of Figure 2.1. Colors vary from black to white for increas-
ing bond lengths, in the range [0.995,1.005] times the equilibrium 
CC distance in graphene. See also Krasheninnikov and Nieminen 
(2011).
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decreases as the carbon atom moves out of the plane, starting 
from ~0.27 eV at planar geometry, up to reverting sign for 
geometry close to the singlet minimum, as reported in Figure 
2.5. Its behavior essentially reflects the dependence of the 
hybridization energy between s and p states on the angle that 
the apical carbon atom forms with the lattice plane.

The value of the computed Hund coupling is clearly too 
large to give a decoupled response of the two electrons to 
magnetic fields (spin-half behavior), thereby suggesting that 
a carbon atom vacancy should behave as a spin-one paramag-
netic species, a result actually found in some experiments 
(Ney et  al. 2011). However, depending on the environment, 
interaction with a substrate may well affect the energetics and 
stabilize the system with an out-of-plane apical carbon, as 
indeed found, for instance, when graphene lies on a metallic 
substrate (Ugeda et al. 2011). Furthermore, charge doping or 
binding with adsorbates (vacancies are obviously highly reac-
tive) may have the same effect. For instance, thermodynamic 
and structural analysis based on first principles results have 
shown that the triply hydrogenated state is the most stable 
under a wide range of temperature and hydrogen partial pres-
sure, and this is a spin-half paramagnetic species (Casartelli 
et  al. 2014). Also, rippling has been proved to have a large 
effect on the vacancy-induced moment (Santos et  al. 2012), 
thereby suggesting that strain could be used to tune magne-
tism in the graphene sheet.

In fact, recent experiments have shown that the paramag-
netic response of irradiated graphene, free from any other 
defect, has a dual origin: a σ moment, which is unaffected by 
charge doping (thanks to the large Coulomb repulsion in the 
localized σ state); and a π moment, which can be quenched 
upon shifting the Fermi level (Nair et al. 2013). Though Nair 
et al. used molecular doping in their experiment, the obtained 
results open the way for controlling the magnetic response 
by means of the electric field effect. The question remains as 

to how the two electrons decouple from each other in their 
samples.

Having discussed some of the magnetic properties of diluted 
defects, we can now focus on the possibility that interactions 
between moments lead to ferromagnetic order, a long-standing 
issue for the search of s–p magnetism. Ferromagnetism in 
graphite and later in graphene has been reported (Esquinazi 
et  al. 2002, 2003, Barzola-Quiquia et  al. 2007, Wang et  al. 
2009) but later questioned in the light of the ubiquitous pres-
ence of magnetic contaminants. Recent measurements under 
carefully controlled conditions have indeed shown that gra-
phene, like graphite, is strongly diamagnetic and has only 
the weak paramagnetic contribution described above due to 
adatoms and/or carbon atom vacancies (Sepioni et al. 2010).

Coupling between defects may in principle give rise to 
magnetically ordered structures if it favored the parallel 
alignment of π moments of the defect-induced midgap states, 
that is, if a sort of Hund’s rule held. From a theoretical point of 
view, energy ordering in such situations is entirely determined 
by electron correlation, and requires that Coulomb repulsion 
is taken into account. If this is done at the level of on-site 
repulsion—that is, in the framework of the repulsive Hubbard 
model—a theorem due to Lieb gives a definite answer to this 
question (Lieb 1989): Lieb showed that for any bipartite sys-
tem at half-filling the ground-state spin S is given by the sub-
lattice imbalance only, S ≡ |nA − nB|/2, or, in other words, that 
the coupling between π moments is ferromagnetic for defects 
in the same sublattice and antiferromagnetic otherwise. 
Similar results follow by analyzing the Ruderman–Kittel–
Kasuya–Yosida interactions between local magnetic moments 
(Kogan 2011, Sherafati and Satpathy 2011).

Lieb’s result sets important constraints for building up 
macroscopic magnetic moments: ordered domains can only 
be obtained if defects are unevenly distributed between the 
two sublattices. This also holds for the long discussed issue 
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FIGURE 2.5 Left: Energetics of a carbon atom vacancy as a function of the height of the apical carbon above the surface (filled and open 
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of the edge-related magnetism in zig-zag graphene nanorib-
bons: a singlet ground state always arises between opposite 
zig-zag edges (nA = nB overall) and this excludes the possibil-
ity of having a nonvanishing spin density (at least as long as 
the edges are at a distance smaller than the coherence length): 
spin density is everywhere zero in a singlet state, as a conse-
quence of the vector character of this quantity.

Lieb’s result also shows that parallel alignment of elec-
trons in midgap states does occur, but only when such states 
originate from a sublattice imbalance: if midgap states appear 
without a sublattice imbalance, antiparallel alignment must be 
favored. This is a subtle effect of electron correlation, which 
would lead to an energetically unfavorable spin polarization 
of the remaining occupied orbitals if the above Hund’s rule 
were followed in the absence of a sublattice imbalance.

2.7 CHEMICAL PROPERTIES

The presence of singly occupied energy states that localize 
on specific lattice positions has also obvious consequences 
for the chemical reactivity of defective graphene. This occurs 
because, as mentioned above, chemisorption of typical ad-
species discussed here (e.g., H, F, alkyl groups) is an activated 
process, and thus any change in the height of the energy bar-
rier to sticking reflects exponentially on the kinetics of the 
adsorption process. These changes are brought about by the 
ad-species themselves, thereby making adsorption on gra-
phene quite unique. The situation is best explained by focus-
ing again on the hydrogenation process, for which a wealth of 
experimental and theoretical data have been collected in the 
last few years (Martinazzo et al. 2013).

When adsorbing hydrogen atoms on graphene (or graph-
ite) under kinetic control (i.e., at energies comparable to the 
barrier height, ~0.2 eV) STM images clearly show the for-
mation of dimers and clusters (Hornekær et al. 2006, Balog 
et al. 2009). Since H atoms are immobile on the surface, such 
clustering must be due to a preferential sticking mechanism 
(Hornekær et al. 2006). The preference for forming specific 
dimers, rather than randomly adsorbate structures, is a direct 

effect of the defect-induced midgap states (and their spatial 
properties) that are introduced in the substrate at earlier times 
of the exposure.

The overall picture is best understood with the help of the 
resonating valence bond model (Casolo et  al. 2009): when 
a first H atom adsorbs on an A-type site, the unpaired elec-
tron left on the B sublattice may readily (i.e., with a small or 
even vanishing activation barrier) couple to the electron of an 
incoming H: bond formation is an easy process on these sites, 
an “AB” dimer is formed and a singlet ground-state results 
in which the aromaticity of the substrate is partially restored. 
Conversely, if adsorbtion occurred on the same sublattice to 
form an “A2” dimer, the incoming H atom would not take 
advantage of the available unpaired electron density (spin den-
sity), and adsorption of a second atom would be as difficult as 
the first one.

Figure 2.6 shows the results of DFT calculations on a num-
ber of dimers as function of the site-integrated magnetization, 
which is a rough measure of the average number of unpaired 
electrons left in each site as a consequence of the first adsorp-
tion event. Binding (barrier) energies increase (decrease) lin-
early by increasing the local magnetization, thereby showing 
how the spatial distribution of the midgap state determines the 
thermodynamic stability and the chemical reactivity (Casolo 
et al. 2009). The result is a genuine electronic effect (in prin-
ciple tunable by charge doping, Huang et al. 2011): substrate 
relaxation effects, though substantial, are site-independent for 
all but the so-called ortho dimer (with two H on neighboring 
sites), since surface puckering upon adsorption involves—to 
a first approximation—nearest-neighboring C atoms only. In 
this respect, the ortho dimer represents an exception (right-
most data point in the graphs), due to the too close proximity 
of the two hydrogen atoms. Notice further that a linear rela-
tionship between barrier and binding energies results, a rather 
common tendency in activated chemical reactions (Bronsted–
Evans–Polayni rule).

The preferential sticking mechanism outlined above works 
only for dimers. Once an AB dimer is formed there are no 
further unpaired electrons available, and no bias on the 
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adsorption of additional H atoms due to the midgap states. 
This is confirmed by DFT calculations, which show that 
adsorption of a third hydrogen atom to a stable AB dimer is 
quantitatively similar to the first H adsorption event (Casolo 
et al. 2009). Energy barriers for further adsorption follow a 
similar trend: barriers for sticking a third H atom compare 
rather well with that for single H atom adsorption for the pro-
cesses AB → A2B and A2 → A3, and are considerably smaller 
for A2 → A2B ones.

Few exceptions to this simple picture are found for com-
pact clusters, in which substrate relaxation does play some 
role: some structures are more favored than others by struc-
tural effects, namely because of the substrate softening which 
occurs upon adsorption. This effect helps explaining the clus-
tering of adatoms: experiments at intense H atom flux do not 
find a random distribution of dimers, as expected on the basis 
of electronic effects only, rather clusters made up of a number 
of atoms. When stable (balanced) structures on the surface 
are created and electronic effects are turned off, it is the lat-
tice that provides the driving force for clustering.

It follows that when exposing graphene to large doses of 
hydrogen atoms an amorphous product is likely to form, with 
little (if any) crystalline order. Annealing helps in relaxing 
strain, but forming crystalline hydrogenated form of gra-
phene in this way appears unlikely. Graphane, for instance, 
the fully hydrogenated form of graphene with H atoms alter-
nating above and below the surface plane, would require a 
perfect correlation between the sublattice position and the 
surface face, at odds with the above-discussed tendency to 
form “balanced” structures, irrespective of the surface face 
(only small differences arises between the so-called syn- and 
anti-configurations).

Different results can be obtained if graphene interacts more 
or less strongly with a supporting substrate, which can then act 

as a template. For instance, graphene on Iridium (111) forms 
a commensurate (Moiré) structure, whose unit cell is 10 × 10 
graphene and 9 × 9 Ir and contain several different binding 
“environments” for adatoms. Binding of graphene to Ir is 
“quasi” covalent only, nevertheless H adsorption occurs pref-
erentially close to the C atoms which lie on top of an Ir atom, 
as if covalent C-Ir bonds were present that leave unpaired elec-
trons in neighboring sites. The result is an ordered hydroge-
nated structure with a sizeable bandgap (Balog et al. 2010).

2.8 CONCLUSIONS

In this chapter, we summarized the basic effects that simple 
atomic-scale defects, collectively referred here as “pZ vacan-
cies,” have on some of the graphene properties. This kind of 
defects, for example carbon atom vacancies and (monovalent) 
chemically bound ad-species, are commonly found in realis-
tic graphene samples and have the distinguishing feature of 
essentially removing a pZ orbital from the π-electron cloud. 
Consequently, they introduce sharp resonances in the lat-
tice electronic structure at the neutrality point, act as strong, 
short-range (resonant) scatterers for charge carriers, behave as 
semilocalized spin-1/2 magnetic moment, and bias chemical 
reactivity toward specific neighboring lattice positions.

The impact of these defects on the graphene properties 
can be hardly overemphasized, and can be traced back to the 
enhancement of the DOS at the Fermi level which they give 
rise to, along with the peculiar spatial features of the asso-
ciated “midgap” states. Actually, even though not discussed 
here, it can be shown that the effect of such defects is so huge 
that, if they were properly arranged, a sizable gap in the band-
structure—of the kind needed for digital applications—could 
be opened already at very small impurity concentrations 
(Martinazzo et al. 2010).

Electronic structure of graphene Wallace (1947), Castro Neto et al. (2008), Katsnelson (2013), Foa Torres et al. (2014).

Defect formation and 
characterization

Zecho et al. (2002), Hornekær et al. (2006), Ferrari (2007), Meyer et al. (2008), Balog et al. (2009), Kotakoski 
et al. (2010), Kotakoski and Krasheninnikov (2010), Jani Kotakoski and Krasheninnikov (2011), Banhart et al. 
(2011), Terrones et al. (2012), Eckmann et al. (2012), Meyer et al. (2010), Martinazzo et al. (2013), Kotakoski 
et al. (2014).

Electronic and structural properties 
of atomic-scale defects

Inui et al. (1994), Jeloaica and Sidis (1999), Sha and Jackson (2002), Lethinen et al. (2004), Fajtlowicz et al. 
(2005), Peres et al. (2006), Pereira et al. (2006), Yazyev and Helm (2007), Pereira et al. (2008), Boukhvalov et al. 
(2008), Dharma-wardana and Zgierski (2008), Casolo et al. (2009), Castro Neto and Guinea (2009), Yazyev 
(2010), Ugeda et al. (2010), Zhou et al. (2010), Ivanovskaya et al. (2010), Ugeda et al. (2011), Palacios and 
Yndurain (2012), Balakrishnan et al. (2013), Martinazzo et al. (2013), Casartelli et al. (2013).

Charge transport properties Peres et al. (2006), Nomura and MacDonald (2007), Hwang and Das Sarma (2007), Hwang and Das Sarma (2008), 
Robinson et al. (2008), Stauber et al. (2008), Martin et al. (2008), Rossi and Das Sarma 2008; Polini et al. (2008), 
Castro Neto et al. (2008), Wehling et al. (2010), Ni et al. (2010), Mucciolo and Lewenkopf (2010), Wehling et al. 
(2010), Yuan et al. (2010), Peres (2010), Das Sarma et al. (2011), Ferreira et al. (2011), Cresti et al. (2013), 
Lherbier et al. (2013), Jayasingha et al. (2013), Foa Torres et al. (2014).

Magnetic properties Lieb (1989), Esquinazi et al. (2002), Esquinazi et al. (2003), Lethinen et al. (2004), Yazyev and Helm (2007), 
Barzola-Quiquia et al. (2007), Dharma-wardana and Zgierski (2008), Wang et al. (2009), Castro Neto and Guinea 
(2009), Sepioni et al. (2010), Zhou et al. (2010), Sherafati and Satpathy (2011), Kogan (2011), Chen et al. (2011), 
Haase et al. (2011), Ney et al. (2011), Jobst et al. (2012), Chen et al. (2012), Nair et al. (2012), Palacios and 
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Chemical properties Hornekær et al. (2006), Casolo et al. 2009, Balog et al. (2009), Balog et al. (2010), Huang et al. (2011), 
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From a different perspective, the defects discussed in this 
chapter highlight the unique position that graphene has in 
condensed matter, since it lies exactly at the border between 
metals and insulators, and most often display features of both.
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3 Atomic Arrangement and Its Effects 
on Electronic Structures of Graphene 
from Tight-Binding Description

Sirichok Jungthawan and Sukit Limpijumnong

ABSTRACT

An exhaustive enumeration method to generate graphene–
alloy configurations and the method to calculate or estimate 
the electronic structures of those configurations will be dis-
cussed. The electronic structures of pristine graphene can 
be qualitatively described by tight-binding method. Tight-
binding model is a simple method to understand the contribu-
tions of each atomic state. The method is helpful to investigate 
how chemical bonding, atomic arrangement, and structural 
symmetry reflect to the electronic structure of a system. 
Structural stability of monolayer graphene with dopants or 
impurities is able to be systematically investigated by means 
of first-principles calculations. However, the method is more 
expensive than simple tight-binding approximation. Tight-
binding method provides an insightful of how the interactions 
between the constituents influence on the characteristic of 
electronic structure, which is sensitive to the detailed arrange-
ment of the constituents. Tight-binding calculations of several 
representative ordering patterns including ribbon, superlattice 
(SL) or stripe, and scattering arrangements are given to illus-
trate an idea of how to construct Hamiltonian matrix for such 
systems. These matrix elements are considered as parameters, 
which are fitted to reproduce certain properties from experi-
mental data or first-principles calculations. The properties 
of nanoribbons and superlattices along armchair and zigzag 
direction have been discussed in the context of the tight-bind-
ing approximation, as they provide an informative trend of the 
electronic properties related to edge modification and inver-
sion symmetry of structure.

3.1 TIGHT-BINDING METHOD

During the past decade, graphene (Castro Neto et  al. 2009; 
Geim and Novoselov 2007; Novoselov et  al. 2004, 2005), a 
single layer of graphite with a planar honeycomb structure as 
illustrated in Figure 3.1, has been extensively studied because 
of its astonishing properties that are mostly attributed to quan-
tum phenomena from 2D confinement effects (Novoselov et al. 
2004, 2005; Zhou et al. 2006). In a perfect graphene, each car-
bon atom forms σ-bonds with its three nearest neighbors (sp2 
hybridization). The electronic states near the Fermi energy are 
dominated by the π and π* bands, which are derived from the 
weakly interacting pz orbitals. The most important character-
istic of the electronic structure of graphene is the degener-
ate states π and π* at the K point of graphene (hexagonal) 
Brillouin zone (BZ) (inset of Figure 3.2), making graphene a 
zero-bandgap semi-metal (Reich et al. 2002; Wallace 1947).

The tight-binding method is an approximation assuming 
that the wave functions tightly bound to the atoms, so-called 
“tight-binding,” such that the atomic wave functions can be 
used as a basis for expanding the crystal wave functions. 
The method is helpful to investigate how chemical bonding, 
atomic arrangement, and structural symmetry reflect to the 
characteristic of electronic structure. This method is the sim-
plest method for computationally calculating band structures. 
Since each carbon atom forms bonds with its three nearest 
neighbors, it is assumed that the wave functions of s, px, and py 
orbitals are tightly bound to the atoms. The method has been 
widely used and proven to be efficient for studying this class 
of materials as summarized in Table 3.1. Generally, suppose 
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that we start with an atomic wave function, for example, pz 
orbital, on a sublattice A (Figure 3.1), which is centered at 
coordinate RA,

 〈 〉 = −r R r R| ( )A Aφ .  (3.1)

ϕ(r − RA) is an atomic wave function associated with this 
atom. It is assumed that this state interacts with an atomic 
wave function on a sublattice B (Figure 3.1), which is centered 
at site RB,

 〈 〉 = −r R r R| ( ).B Bφ  (3.2)

These two orbitals dominantly attribute to π and π* 
bands near the Fermi level. As long as we consider about the 

electronic structures near the Fermi level, we can form elec-
tronic states that can be used as the basis functions for the 
crystal wave functions assuming that there are no other orbit-
als, for example, s, px, and py orbitals can mix into the states 
near the Fermi level since the bands that correspond to the 
dispersion of bonding and antibonding molecular orbital are 
π and π* bands. Given that there are two atoms in the unit cell 
at sublattices A and B, we can construct two Bloch states as

 

| | ,k R Rk R

R

i
i

i
N

e〉 = + 〉⋅∑1

 
(3.3)

where i = A, B, with the summation running over all the N unit 
cells in the crystal (the vectors R). It can be verified that these 
states obey Bloch’s theorem. Let R′ be another lattice vector,

 

〈 〉 = − − ′⋅ ′

′
∑r k r R Rk R

R

| ( ).i
i

i
N

e
1 φ

 
(3.4)

Then, this state at position r + R is given by

 

〈 + 〉 = + − − ′

= −
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1

N
e ei i

iφ

 (3.5)

where R′ − R is another lattice vector. This leads to

 〈 + 〉 = 〈 〉⋅r R k r kk R| |i
i

ie  (3.6)

that satisfies Bloch’s theorem. The crystal eigenstates can be 
expanded in these two basis functions, |kA〉 and |kB〉. We can 
construct the approximate crystal eigenstates as

 

| | | | ,k k k k〉 = 〉 = 〉 + 〉∑ c c ci i

i

A A B B

 

(3.7)

where the expansion coefficients cA and cB are to be deter-
mined. The eigenstates |k〉 are normalized by |cA|2 + |cB|2 = 1. 
We want to find the eigenvalues ε(k) that are exactly the number 
of bands that we can expect at each k-point of a Hamiltonian 

operator Ĥ such that

 
ˆ ( ) .H | 〉 = | 〉k k kε  (3.8)

Inserting the unit operator Î j j j A A= ∑ | 〉〈 |=| 〉〈 | +k k k k  
| 〉〈 |k kB B  in front of |k〉 on both sides of the equation and 

a2

c

B

B

B
a1

A A

A

FIGURE 3.1 Crystal structure of honeycomb lattice showing the 
two sublattices, A and B, in the unit cell and the basis vector c. The 
primitive unit cell is defined by the primitive lattice vectors a1 and a2.
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FIGURE 3.2 Band structures of graphene and boron nitride with 
the first nearest-neighbor interactions. The values of the parameters 
used in tight-binding calculations are shown. The horizontal line at 
0 eV is considered as the Fermi level.
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TABLE 3.1
Example of Tight-Binding Method Used to Study Electronic Structures of Graphene and Its Derivatives

System Main Result Journal Author

Artificial graphene Experimental investigation 
comparison with 
tight-binding method

Phys. Rev. B 88, 115437 (2013) M. Bellec, U. Kuhl, G. Montambaux, and F. Mortessagne 
(Bellec et al. 2013a)

Bent graphene Modeling graphene 
bending

Phys. Rev. B 89, 155437 (2014) I. Nikiforov, E. Dontsova, R. D. James, and T. Dumitrică 
(Nikiforov et al. 2014)

Biased bilayer Graphene Gap tunable by electric 
Field

Phys. Rev. Lett. 99, 216802 
(2007)

Eduardo V. Castro, K. S. Novoselov, S. V. Morozov, N. M. 
R. Peres, J. M. B. Lopes dos Santos, Johan Nilsson, F. 
Guinea, A. K. Geim, and A. H. Castro Neto (Castro et al. 
2007)

Bilayer graphene Electronic transmission 
and conductance

Phys. Rev. B 79, 155402 (2009) Michaël Barbier, P. Vasilopoulos, F. M. Peeters, and J. 
Milton Pereira, Jr. (Barbier et al. 2009)

Bilayer graphene Optical properties Phys. Rev. B 89, 045419 (2014) Faris Kadi and Ermin Malic (Kadi and Malic 2014)

Bilayer graphene Potential difference 
between the layers and 
band gap

Phys. Rev. B 74, 161403(R) 
(2006)

Edward McCann (McCann 2006)

Bilayer graphene Spin–orbit coupling Phys. Rev. B 85, 115423 (2012) S. Konschuh, M. Gmitra, D. Kochan, and J. Fabian 
(Konschuh et al. 2012)

Bilayer graphene Theoretical model Phys. Rev. B 89, 035405 (2014) Jeil Jung and Allan H. MacDonald (Jung and MacDonald 
2014)

Boron-doped graphene 
field-effect transistors

Transistor characteristics ACS Nano 6, 7942 (2012) P. Marconcini, A. Cresti, F. Triozon, G. Fiori, B. Biel, 
Y. M. Niquet, M. Macucci, and S. Roche (Marconcini et al. 
2012)

Bottom-gated bilayer 
graphene

Tight-binding parameters 
and gate-voltage-
dependent bandgap

Phys. Rev. B 80, 165406 (2009) A. B. Kuzmenko, I. Crassee, D. van der Marel, P. Blake, 
and K. S. Novoselov (Kuzmenko et al. 2009)

Deformed GNRs Electronic structure J. Chem. Phys. 129, 074704 
(2008)

L. Sun, Q. Li, H. Ren, H. Su, Q. W. Shi, and J. Yang 
(Sun et al. 2008)

Disordered graphene Experimental investigation 
comparison with 
tight-binding method

Phys. Rev. B 87, 035101 (2013) S. Barkhofen, M. Bellec, U. Kuhl, and F. Mortessagne 
(Barkhofen et al. 2013)

Few-layer graphene Quasiparticle dispersion Phys. Rev. B 78, 205425 (2008) A. Grüneis, C. Attaccalite, L. Wirtz, H. Shiozawa, R. Saito, 
T. Pichler, and A. Rubio (Grüneis et al. 2008)

Graphene Band structure and density 
of states

Phys. Rev. B 83, 115404 (2011) C. Bena and L. Simon (Bena and Simon 2011)

Graphene Intrinsic and Rashba 
spin-orbit interaction

Phys. Rev. B 74, 165310 (2006) Hongki Min, J. E. Hill, N. A. Sinitsyn, B. R. Sahu, Leonard 
Kleinman, and A. H. MacDonald (Min et al. 2006)

Graphene Phonon-limited electron 
mobility

J. Appl. Phys. 112, 053702 
(2012)

N. Sule and I. Knezevic (Sule and Knezevic 2012)

Graphene Review article Rev. Mod. Phys. 81, 109 (2009) A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. 
Novoselov, and A. K. Geim (Castro Neto et al. 2009)

Graphene Spin–orbit coupling Phys. Rev. B 82, 245412 (2010) S. Konschuh, M. Gmitra, and J. Fabian (Konschuh et al. 
2010)

Graphene Vacancy defects Phys. Rev. B 74, 245411 (2006) Gun-Do Lee, C. Z. Wang, Euijoon Yoon, Nong-Moon 
Hwang, and K. M. Ho (Lee et al. 2006)

Graphene Vacancy defects Phys. Rev. B 96, 036801 (2006) Vitor M. Pereira, F. Guinea, J. M. B. Lopes dos Santos, 
N. M. R. Peres, and A. H. Castro Neto (Pereira et al. 2006)

Graphene SL (antidot) Electronic states Phys. Rev. B 80, 045410 (2009) M. Vanević, V. M. Stojanović, and M. Kindermann (Vanević 
et al. 2009)

Graphene SL (line defect) Electronic transmission Phys. Rev. B 86, 045410 (2012) Lü Xiao-Ling, Liu Zhe, Yao Hai-Bo, Jiang Li-Wei, Gao 
Wen-Zhu, and Zheng Yi-Song (Xiao-Ling et al. 2012)

Graphene and carbon 
nanotubes

Analytic expression for 
the tight-binding 
dispersion

Phys. Rev. B 66, 035412 (2002) S. Reich, J. Maultzsch, C. Thomsen, and P. Ordejón 
(Reich et al. 2002)

Graphene and graphite Electronic structure Phys. Rev. 71, 622 (1947) P. R. Wallace (Wallace 1947)

(Continued )
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TABLE 3.1 (continued )
Example of Tight-Binding Method Used to Study Electronic Structures of Graphene and Its Derivatives

System Main Result Journal Author

Graphene multilayers Electronic structure Phys. Rev. B 75, 193402 (2007) B. Partoens and F. M. Peeters (Partoens and Peeters 2007)

GNRs Electronic states Phys. Rev. B 73, 235411 (2006) L. Brey and H. A. Fertig (Brey and Fertig 2006)

GNRs Quantum thermal 
transport properties

Phys. Rev. B 79, 115401 (2009) J. Lan, J.-S. Wang, C. K. Gan, and S. K. Chin (Lan et al. 
2009)

GNRs Scaling rules for band gap Phys. Rev. B 97, 216803 (2006) Y.-W. Son, M. L. Cohen, and S. G. Louie (Son et al. 2006)

GNRs Transport model Phys. Rev. B 81, 245402 (2010) Y. Hancock, A. Uppstu, K. Saloriutta, A. Harju, 
and M. J. Puska (Hancock et al. 2010)

Graphene nanorods Transport properties Nano Lett. 12, 2936 (2012) J. Jung, Z. Qiao, Q. Niu, and A. H. MacDonald (Jung et al. 
2012)

Graphene nanostrips Effective mass, electron–
phonon coupling 
constant

Phys. Rev. B 77, 115116 (2008) D. Gunlycke and C. T. White (Gunlycke and White 2008)

Graphene over pillars Electronic structure Phys. Rev. B 86, 041405(R) 
(2012)

M. Neek-Amal, L. Covaci, and F. M. Peeters (Neek-Amal 
et al. 2012)

Graphene quantum rings Electronic states Phys. Rev. B 89, 075418 (2014) D. R. da Costa, Andrey Chaves, M. Zarenia, J. M. Pereira, 
Jr., G. A. Farias, and F. M. Peeters (da Costa et al. 2014)

Graphene ribbons Localized edge state Phys. Rev. B 54, 17954 (1996) K. Nakada, M. Fujita, G. Dresselhaus, and M. S. 
Dresselhaus (Nakada et al. 1996)

Graphene/BN 
superlattices

Electronic structure Phys. Rev. B 84, 235424 (2011) S. Jungthawan, S. Limpijumnong, and J.-L. Kuo 
(Jungthawan et al. 2011)

Graphene-like lattice Localized edge state Phys. Rev. Lett. 110, 033902 
(2013)

M. Bellec, U. Kuhl, G. Montambaux, and F. Mortessagne 
(Bellec et al. 2013b)

Graphite Electronic structure 
evolution

Phys. Rev. B 74, 075404 (2006) B. Partoens and F. M. Peeters (Partoens and Peeters 2006)

Graphite ribbons Electronic states of 
armchair and zigzag 
ribbons

J. Phys. Soc. Jpn. 65, 1920 
(1996)

M. Fujita, K. Wakabayashi, K. Nakada, and K. Kusakabe 
(Fujita et al. 1996)

Nanographite ribbons Electronic and magnetic 
properties

Phys. Rev. B 59, 8271 (1999) K. Wakabayashi, M. Fujita, H. Ajiki, and M. Sigrist 
(Wakabayashi et al. 1999)

Nitrogen-doped graphene Electronic properties Phys. Rev. B 86, 045448 (2012) Ph. Lambin, H. Amara, F. Ducastelle, and L. Henrard 
(Lambin et al. 2012)

Strained bilayer graphene Electronic structure Phys. Rev. B 85, 125403 (2012) B. Verberck, B. Partoens, F. M. Peeters, and B. Trauzettel 
(Verberck et al. 2012)

Strained graphene Band structure New J. Phys. 11, 115002 (2009) R. M. Ribeiro, Vitor M. Pereira, N. M. R. Peres, 
P. R. Briddon, and A. H. Castro Neto (Ribeiro et al. 2009)

Trilayer graphene Quasiparticle band 
structure

Phys. Rev. B 89, 035431 (2014) Marcos G. Menezes, Rodrigo B. Capaz, and Steven 
G. Louie (Menezes et al. 2014)

Twisted bilayer graphene Electronic structure Phys. Rev. B 82, 121407(R) 
(2010)

E. Suárez Morell, J. D. Correa, P. Vargas, M. Pacheco, and 
Z. Barticevic (Suárez Morell et al. 2010)

Twisted bilayer graphene Electronic structure and 
quantum Hall effect

Phys. Rev. B 85, 195458 (2012) Pilkyung Moon and Mikito Koshino (Moon and Koshino 
2012)

Twisted bilayer graphene Optical absorption Phys. Rev. B 87, 205404 (2013) Pilkyung Moon and Mikito Koshino (Moon and Koshino 
2013)

Twisted bilayer graphene van Hove singularities Phys. Rev. Lett. 109, 196802 
(2012)

I. Brihuega, P. Mallet, H. González-Herrero, G. Trambly de 
Laissardière, M. M. Ugeda, L. Magaud, J. M. Gómez-
Rodríguez, F. Ynduráin, and J.-Y. Veuillen (Brihuega et al. 
2012)

Twisted graphene flakes Electronic structure Phys. Rev. B 87, 075433 (2013) W. Landgraf, S. Shallcross, K. Türschmann, D. Weckbecker, 
and O. Pankratov (Landgraf et al. 2013)

Twisted trilayer graphene Electronic properties Phys. Rev. B 87, 125414 (2013) E. Suárez Morell, M. Pacheco, L. Chico, and L. Brey 
(Suárez Morell et al. 2013)

Uniaxial strain in 
graphene

Electronic structure Phys. Rev. B 80, 045401 (2009) Vitor M. Pereira, A. H. Castro Neto, and N. M. R. Peres 
(Pereira et al. 2009)
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multiplying by 〈ki|, where i = A, B, we can write this equation 
in the form

 

〈 | | 〉〈 |
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(3.9)

In order to solve this system of linear equations, we need 
to evaluate 〈ki|kj〉

 

〈 〉 = 〈 + ′ + ′′〉⋅ ′′− ′

′ ′′
∑k k R R R Rk R R

R R

i j
i

i j
N

e| | .( )

,

1

 
(3.10)

It is obvious that R″ − R′ is another lattice vector. We can 
define R″ − R′ = R given that

 

〈 〉 = 〈 + ′ + + ′〉⋅

′
∑k k R R R R Rk R

R R

i j
i

i j
N

e| | .
,

1

 
(3.11)

The integral 〈Ri + R′|Rj + R + R′〉 = 〈Ri|Rj + R〉 is inde-
pendent to the lattice vectors R′ because the relative position 
between Ri and Rj + R is unchanged under the same trans-
lation vector R′. The summation over the lattice vectors R′ 
will cancel with the factor 1/N because there is no explicit 
 dependence on R′ so that

 

〈 〉 = 〈 + 〉

= 〈 + 〉

⋅
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⋅
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(3.12)

In the framework of the tight-binding approximation, the 
overlap integral 〈Ri|Rj + R〉 is nonzero only for the same 
orbital on the same atom, that is, only for i = j and R = 0, 
therefore,

 
〈 〉 = 〈 〉 =k k R Ri j i j ij| | .δ

 (3.13)

The two basis functions, |kA〉 and |kB〉, are orthogonal. With 
this approximation, Equation 3.9 can be written as

 

[ ( ) ]H cij ij

j

j− =∑ ε δk 0

 
(3.14)

with

 
H Hij i j= 〈 | | 〉k kˆ .

 
(3.15)

This system of equations can have nonzero solutions only 
if its determinant vanishes,

 
det[ ( ) ] .Hij ij− =ε δk 0

 (3.16)

This is known as the secular or characteristic equation. 

The Hamiltonian matrix H Hij i j= 〈 | | 〉k kˆ  is N × N matrix, 
where N is the number of basis functions used for expand-
ing the crystal eigenstates. Alternatively, the eigenvalues can 
be obtained by directly diagonalizing the Hamiltonian matrix 
with all the known values of elements Hij. The eigenvalues of 
a symmetric matrix are real. The solutions of this equation 
yield N eigenvalues ε1(k), ε2(k), …, εN(k), which are exactly 
the number of bands that we can expect for each value of k.

The Hamiltonian matrix elements Hij between atomic 
states can be obtained by
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i

i jH e Hˆ ˆ .

 

(3.17)

At this point, an important approximation in the frame-
work of the tight-binding method is introduced by taking the 
Hamiltonian matrix elements to be nonzero only if: (i) the 
orbital is on the same atom, that is, for i = j and R = 0,

 
〈 | | 〉 = 〈 | | 〉 =k k R Ri j i j i ijH Hˆ ˆ ,ε δ

 
(3.18)

where the diagonal elements εi are referred to as the onsite 
energies or the energy offset for an atom at site i, or (ii) the 
orbital is on atoms at nearest-neighbor sites located at cNN,

 

〈 | | 〉 = 〈 | | + 〉

= 〈 | + + 〉

⋅

⋅

∑

∑

k k R R R

R R R c

k R

R

k R

R

i j
i

i j

i
ij i j NN

H e H
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(3.19)

that is, Ri = Rj + R + cNN. The summation running over all R 
will be nonzero when the nearest neighbors are in the same 
unit cell (R = 0) or when they are across unit cells (R is a 
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combination of the primitive lattice vectors). The tij is referred 
to as the hopping integral between atoms at sites i and j. 
A range of nearest-neighbor sites can be included into hopping 
elements (Equation 3.19) for better description of Hamiltonian 
matrix but more hopping integrals tij have to be included to 
evaluate the matrix elements. In practice, we can consider εi 
and tij as parameters or we can even consider all the matrix 
elements as parameters as well. In both cases, these parame-
ters are fitted to reproduce certain properties from experimen-
tal data or first-principles calculations. Then these parameters 
can be used to calculate other properties. Alternatively, these 
parameters can be used as variables to investigate a change 
to the characteristic of electronic structure under influence of 
that parameter, that is, εi, tij.

The Hamiltonian matrix elements Hij in Equation 3.15 can 
be obtained by another form of Hamiltonian that is defined as

 

ˆ ( . .),† †

,

H a a t a ai i i

i

ij i j

i j

= − +∑ ∑ε h c

 

(3.20)

where εi is the site energy for an atom at site i, tij is the hopping 
integral between atoms at sites i and j, and ai

† and ai are the 
creation and annihilation operators, respectively, of π-electron 
at site i. By this definition, ai

†  is equivalent to an atomic state 
|Ri〉, and ai is equivalent to an atomic state 〈Ri|. j represents 
the index of summation that is taken over only the nearest 
neighbors of interest, typically first neighbors, with truncation 
of farther neighbors. The interactions with farther neighbors, 
higher-order correction, are ignored for simplicity in most 
qualitative interpretations. The abbreviation “h.c.” stands for 
Hermitian conjugate of the term a ai j

† . Tight-binding method 
provides an insightful of how the interactions between the 
constituents influence on the electronic structures.

3.2  ELECTRONIC STRUCTURES OF PRISTINE 
GRAPHENE AND HONEYCOMB LATTICE

The lattice structure of graphene contains two sublattices per 
primitive unit cell as shown in Figure 3.1. The primitive unit 
cell is defined by the primitive lattice vectors,

 
a a1 2

1
2

3
2

1
2

3
2

= + = −ax ay ax ayˆ ˆ ˆ ˆ,and
 

(3.21)

where a is a lattice constant of graphene. With this choice 
of lattice vectors, the reciprocal primitive lattice vectors are 
given by
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(3.22)

The lattice vectors R are formed by all possible combina-
tions of lattice vectors

 R a a= +n n1 1 2 2,  (3.23)

where n1 and n2 are integers. The lattice vectors connect all 
equivalent points in space. The two sublattices are usually 
referred to as sublattice “A” and “B” which are indicated by 
different colors in Figure 3.1. Given that there are two atoms 
that are located at the two sublattices in the primitive unit 
cell. Suppose that we choose the position of sublattice A to 
be at lattice point RA, then sublattice B will be located at 
RB = RA + c with the basis vector

 
c a a= +2

3
1
3

1 2 .
 

(3.24)

The electronic structures of pristine graphene can be quali-
tatively described by tight-binding model. The Hamiltonian 
is defined as

 

ˆ ( . .).† †

,

H a a t a ai i i

i

ij i j

i j

= − +∑ ∑ε h c

 

(3.25)

For simplicity, let us start by considering only the hop-
ping integral or the interactions from first nearest neighbors. 
The summation is taken over only the first nearest neighbors. 
The  interactions with farther neighbors are ignored for a 
moment. In the unit cell as shown in Figure 3.1,  sublattice 
A is surrounded by three neighbors which are located at 
RB ≡ RA + c, RB − a1, and RB − a1 − a2. Likewise, sublat-
tice B is  surrounded by three neighbors, which are located at 
RA, RA + a1, and RA + a1 + a2. Therefore, the Hamiltonian in 
Equation 3.25 can be explicitly written as
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where |RA〉 and |RB〉 are the π atomic states associated with 
the atoms at sublattices A and B, respectively. εA and εB are 
the site energies for an atom at sites A and B, respectively. 
tAB is the hopping integral between atoms at sites A and B. To 
evaluate the Hamiltonian matrix elements in Equation 3.15, 
we need to use two bases for expansion of the crystal wave 
functions which obey Bloch’s theorem. These bases are given 
by Equation 3.3,
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with the summation running over all the N unit cells in 
the crystal (the vectors R), since the Hamiltonian matrix as a 
function of k is defined by
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or
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The Hamiltonian matrix elements can be evaluated by 
using,
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The first diagonal matrix element H HAA A A= 〈 | | 〉k kˆ  is 
given by
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The overlap integral 〈Ri|Rj〉 = δij is nonzero only for the 
same orbital on the same atom, that is, only for i = j; hence
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The element H HAA A A= 〈 | | 〉k kˆ  is

 

〈 | | 〉 = 〈 | 〉





= 





=∑ ∑k k R R
R R

A A A A A A AH
N N

ˆ .ε ε ε1 1
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By using Equations 3.30 and 3.32, the off-diagonal element 

H HBA B A= 〈 | | 〉k kˆ  is given by
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Similarly, the second diagonal matrix element 

H HBB B B= 〈 | | 〉k kˆ  can be evaluated, by first considering
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The element H HBB B B= 〈 | | 〉k kˆ  is
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By using Equations 3.30 and 3.35, the off-diagonal element 
H HAB A B= 〈 | | 〉k kˆ  is given by
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Therefore, the Hamiltonian matrix is
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In this matrix, one can readily understand that the diag-
onal elements HAA and HBB are the energies at the atomic 
site called “onsite energy” or the energy offset for an atom 
at sites A and B. The HAB is the interaction from atom at B 
sublattices to the atom at sublattice A, or vice versa for HBA. 
Notice that, the Hamiltonian matrix is a Hermitian matrix 
that has two real eigenvalues for each value of k. The solu-
tions to this Hamiltonian can be obtained by diagonalizing 
the Hamiltonian or from the secular equation
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which is
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where the multiplication
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With k = +k x k yx yˆ ˆ and the lattice vectors defined by Equation 
3.21, we can evaluate product of
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For simplicity, we can define

 f ( ) cos( ) cos( ) cos ( ).k k a k a k a a= ⋅ + ⋅ + ⋅ +2 2 21 2 1 2  (3.45)

For a simple nearest-neighbor tight-binding model, one 
obtains the dispersion relation (Reich et  al. 2002; Wallace 
1947):

 
ε ε ε ε ε( ) ( ) ( ) .k k= + ± − + +[ ]
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(3.46)

If the atom at sublattice A is identical to the atom at sublat-
tice B (εA = εB ≡ ε and tAB ≡ t), then the above equation will get 
reduced to

 
ε ε( ) ( ).k k= ± +t f3

 
(3.47)

Here, the atoms at sites A and B are carbon atoms; we can 
choose the energy offset ε = 0. The values of ε and t are found 
by fitting experimental data or first-principles calculations. In 
practice, ε and t are adjusted to reproduce a good description 
of π bands at the K point. Based on the first-principles cal-
culations, a typical value of ε = 0 eV and t = 2.7 eV are used 
(Reich et al. 2002). With this choice of reciprocal lattice vec-
tors in Equation 3.22, we can plot the electronic structures of 
graphene, Equation 3.47, as illustrated in Figure 3.2 within the 
first BZ as shown in the inset. The band structure of graphene 
is plotted along Γ − K − M − Γ directions. The lines connect-
ing the high symmetry points, Γ − K − M − Γ, are defined by
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where 0 ≤ k ≤ 1 and the unit along these paths is in the unit 
of 2π/a. In the case that the atom at sublattice A is equivalent 
to the atom at sublattice B, there will be doubly degenerate 
energy levels at the K point or at the six corners of the hex-
agonal BZ, so-called Dirac point (Zhou et al. 2006). Among 
the six Dirac points, only two are independent denoted by K 
and K′ in the inset of Figure 3.2, where the others are related 
to K and K′ by a combination of the reciprocal lattice vectors 
in Equation 3.22. This characteristic is strongly related to the 
inversion symmetry of crystal structure, where the inversion 
center is located between the two sublattices, such that the 
doubly degenerate levels at the K point will always be pre-
sented in other atomic species as well, for example, silicene 
(Şahin et al. 2009). If the atom at sublattice A is different from 
the atom at sublattice B, the degeneracy is lifted as in the case 
of hexagonal form of boron nitride (h-BN) (Pease 1952). The 
band structures of h-BN can be calculated from Equation 3.46 
with the onsite energies of boron εB = 3.6 eV and nitrogen 
εN = −1.0 eV, and the hopping integral tBN = 2.5 eV, where the 
values of all parameters are found by fitting first-principles 
calculations (Jungthawan et al. 2011). The difference between 
the two sublattices creates a direct bandgap instead of doubly 
degenerate levels at K point in h-BN. The bandgap of gra-
phene can be created by several approaches (Peng and Ahuja 
2008), one of which is to break the equivalence of A and B 
sublattices. This simple model clearly shows that the equiva-
lence of A and B sublattices is crucial to electronic structures 
of honeycomb structure.

A higher-order correction can be made by including the 
interactions from second nearest neighbors. The Hamiltonian 
in Equation 3.25 can be written as the Hamiltonian with 

the interactions from first nearest neighbors Ĥ NN1 , given by 
Equation 3.26, plus the Hamiltonian with the interactions from 

second nearest neighbors Ĥ NN2 . From the unit cell in Figure 3.1, 
sublattice A is surrounded by six neighbors which are located 
at RA + a1, RA + a1 + a2, RA + a2, RA − a1, RA − a1 − a2, and 
RA − a2. Likewise, the second neighbors of sublattice B are 
located at RB + a1, RB + a1 + a2, RB + a2, RB − a1, RB − a1 − a2, 
and RB − a2. Therefore, the Hamiltonian up to the second 
neighbor interactions Ĥ NN2  can be explicitly written as
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′tA and ′tB are the hopping integrals between correspond-
ing second neighbors and atoms at sites A and B, respec-
tively. The  second neighbors Hamiltonian is corresponding 
to the interactions between the same atomic species with a 

translation with lattice vector R. This correction will affect 
only on the diagonal elements, that is, HAA and HBB. The off- 
diagonal elements, that is, HAB and HBA, will be the same as 
the matrix in Equation 3.38. In this case, the first diagonal 
matrix  element H HAA A A= 〈 | | 〉k kˆ  is given by
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Similarly, the second diagonal matrix element 
H HBB B B= 〈 | | 〉k kˆ  is given by
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With these forms of the diagonal elements, we can con-
struct the Hamiltonian matrix, Equation 3.29, for each value 
of k,
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and obtain the solutions by Equation 3.41. If the atom at sub-
lattice A is identical to the atom at sublattice B ( ′ = ′ ≡ ′t t tA B ), 
then the solution is

 
ε ε( ) ( ) cos( ) cos( ) cos ( )k k k a k a k a a= − ′ ⋅ + ⋅ + ⋅ +[ ]1 1 2 1 22NN t

 (3.53)



48 Graphene Science Handbook

or

 
ε ε( ) ( ) ( ),k k k= ± + − ′t f t f3

 
(3.54)

where ε1NN(k) is the dispersion relation from first neighbors 
interactions in Equation 3.47. f(k) is a function of k defined by 
Equation 3.45. According to Reich et al. (2002), the value of 
t′ for graphene is in the range of −0.2t ≤ t′ ≤ −0.02t depend-
ing on the parameterization of ε and t. This second neighbor 
interaction t′ ≠ 0 is responsible for asymmetric feature of the 
π and π* bands as shown in Figure 3.3.

The Hamiltonian with third nearest-neighbor interactions 

Ĥ NN3  can be made by considering the unit cell in Figure 3.1. 
Sublattice A is surrounded by three neighbors which are 
located at RB − a2, RB + a2, and RB − 2a1 − a2. Likewise, the 
third neighbors of sublattice B are located at RA − a2, RA + a2, 
and RA + 2a1 + a2. Therefore, the Hamiltonian up to the third 

neighbors Ĥ NN3  is given by
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′′tA and ′′tB  are the hopping integrals between correspond-
ing third neighbors and atoms at sites A and B, respectively. 
The third neighbors Hamiltonian is corresponding to the 
interactions between different atomic species. This correction 
will affect the off-diagonal elements, that is, HAB and HBA, in 

Equation 3.52. The correction to the third nearest-neighbor 

interactions is given by the product of 〈 | | 〉k kA NN BĤ3  and 

〈 | | 〉k kB NN AĤ3 , which are
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and
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With these corrections to the Hamiltonian matrix ele-
ments in Equation 3.52, all the elements in Equation 3.29 are 
given by
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If the atom at sublattice A is identical to the atom at sublat-
tice B, we can let ′′ = ′′ ≡ ′′t t tA B . The eigenvalues of this matrix 
can be obtained by Equation 3.41 for each value of k. Usually, 
the second and third neighbor interactions are not significant 
and generally ignored. However, the change in these interac-
tions can substantially affect the band structure. The value of 
t′ and t″ can change the number of Dirac points, their posi-
tion, and their properties in graphene and graphene-related 
materials (Bena and Simon 2011). It is interesting to note that 
the simple first nearest-neighbors tight-binding results give a 
reasonable feature at the band edge near K point. Hence, for 
the larger system, first nearest-neighbor interactions will be 
our main focus.

3.3  ELECTRONIC STRUCTURES OF 
GRAPHENE VIA BRICK-TYPE LATTICE

The honeycomb lattice structure can be simplified by per-
forming a lattice transformation to the brick-type lattice 
structure (Wakabayashi et al. 1999) as shown in Figure 3.4. 
In this model, the direction of each bond is aligned into two 
perpendicular axes. This transformation can be considered as 
a distorted honeycomb lattice under the influence of compres-
sion in ŷ direction together with extension in x̂ direction. The 
topology of brick-type lattice is still similar to honeycomb 
lattice but with different lattice vectors. This transformation 
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reduces complexity in the investigation of electronic states 
near the Fermi energy when considering the overlap between 
each orbital, that is, s, px, py, and pz. The unit cell of brick-
type lattice contains two sublattices per primitive unit cell as 
shown in Figure 3.4. The primitive unit cell is defined by the 
primitive lattice vector
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where a is a lattice constant. With this choice of lattice  vectors, 
the reciprocal primitive lattice vectors are given by
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The Hamiltonian based on the tight-binding model (with 
second nearest-neighbor interactions) is defined as
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where |RA〉 and |RB〉 are the π atomic states associated with 
the atoms at A and B sublattices, respectively. We can use 
the two bases in Equation 3.27 for expansion of the crystal 
wave functions yielding the similar result to Equation 3.54 
if the atom at sublattice A is identical to the atom at sublat-
tice B ( ′ = ′t tA B). With the reciprocal lattice vectors in Equation 
3.60, we can plot the band structures of this system along 
high symmetry lines connecting the Γ − M − X − Γ points as 
shown in Figure 3.5 within the first BZ as illustrated in the 
inset of Figure 3.5. These paths are defined by
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with the unit of 2π/a and 0 ≤ k ≤ 1. The same set of param-
eters used in Figure 3.3 is applied to calculate the disper-
sion relation ε(k) obtained from Equation 3.54 giving the 
band structures of graphene in brick-type lattice as shown in 
Figure 3.5. The first BZ of the reciprocal lattices in Equation 
3.60 is a square shape as shown in the inset of Figure 3.5. 
This square BZ transforms the dispersion relation ε(k) of hex-
agonal BZ to a distorted hexagonal BZ (inset of Figure 3.5). 
The original K point of hexagonal BZ is located at ( , )2 3 0/  
on the Σ path. The idea of brick-type lattice transformation 
can be used to study a distorted honeycomb structure under 
the influence of external loading that lifts threefold symmetry 
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FIGURE 3.4 Crystal structure of brick-type lattice that is a trans-
formation from honeycomb lattice showing sublattices A and B in 
the unit cell and the basis vector c. The primitive unit cell is defined 
by the primitive lattice vectors a1 and a2.
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of the bonding between the atoms at sublattices A and B. In 
Figure 3.4, the bonding along ŷ  axis is the difference from 
the other two which can be formulated by introducing another 
hopping integral for this bond. We can define different hop-
ping integral ty for the bonding along ŷ axis and obtain the 
Hamiltonian as
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The Hamiltonian matrix elements for each value of k are 
given by
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The dispersion relation is given by
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With additional parameter ty, the band structure of dis-
torted honeycomb structure can be investigated. The differ-
ence between ty and tAB depends on the amount of distortion. 

For distorted graphene, the atoms at sites A and B are carbon 
atoms (εA = εB ≡ ε and tAB ≡ t). For qualitative analysis, the 
value of ε and t can be taken from the case of pristine graphene. 
ty can be varied to see how this parameter affects a particular 
region or electronic level in the band structures. Alternatively, 
these parameters can be parameterized by  fitting to empirical 
or first-principles data according to interaction type and dis-
tance for quantitative analysis. The brick-type lattice is also 
useful for evaluating the bandgap of graphene nanostructures 
such as nanoribbons or superlattices.

3.4  ELECTRONIC STRUCTURES OF 
GRAPHENE NANORIBBONS

To utilize graphene as a semiconductor, several approaches 
to lift the degeneracy and open up the bandgap have been 
introduced. One approach is to confine or reduce the dimen-
sion of graphene. Graphene can be cut to graphene nanorib-
bons (GNRs). The hexagonal lattice structure can be cut with 
three different kinds of shape edges, that is, armchair, zigzag, 
and chiral shape edges. Previous studies show that GNRs 
can exhibit both metallic and semiconducting properties 
depending on the geometric and the width of GNRs (Fujita 
et al. 1996; Nakada et al. 1996; Son et al. 2006; Wakabayashi 
et al. 1999). Here, we consider two types of GNRs with arm-
chair and zigzag edges, as shown in Figure 3.6, which are the 
two most relevant ribbon orientations with different ribbon 
widths. The width of ribbon N is defined by the number of 
dimer lines for armchair graphene nanoribbons (AGNR) and 
by the number of zigzag molecular chains for zigzag gra-
phene nanoribbons (ZGNR). The smallest width of AGNR 
and ZGNR is N = 3 containing 6 atoms per unit cell and 
N = 2 containing 4 atoms per unit cell, respectively. AGNR 
and ZGNR give different ribbon width with the same num-
ber of N. The lattice structure of each ribbon can be defined 
by rectangle with the relevant lattice vector, as shown in 
Figure 3.6,

 a a1 2 3= =ax a yˆ ˆand  (3.68)

for ZGNR and AGNR, respectively, where a is a lattice 
constant. With this choice of lattice vector, the reciprocal 
primitive lattice vector for ZGNR and AGNR is given, respec-
tively, by

 
b b1 2

2 2

3
= =π π

a
x

a
yˆ ˆ.and

 
(3.69)

The electronic structures of GNRs can be calculated from 
the Hamiltonian matrix which can be obtained in the same 
manner as the previous section. The number of bands is corre-
sponding to the number of states included in the model. If we 
consider only π orbital from each atom, the number of bands 
is equal to the number of atom n which is the dimension of the 
Hamiltonian matrix,
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The matrix elements Hij of Hamiltonian matrix are basi-
cally derived by investigating the interactions on each atom 
in the unit cell to its neighbors which are located in the same 
unit cell as well as the neighbor cells. Suppose that the inter-
action between atoms at sites i and j is tij. If atom at site i inter-
acts with interacting atom at site j that is within the same unit 
cell, the product 〈 | | 〉k ki jĤ  or matrix element Hij is equal to 
tij where ki and kj are bases for expansion of the crystal wave 
functions given by Equation 3.3 which obey Bloch’s theorem 
and have orthogonality given by Equation 3.13. If atom at site 
i interacts with interacting atom at site j that is within the dif-
ferent unit cell, the matrix element Hij is equal to tij multiplied 
by the factor exp(−ik·R) where the exponent R is the lattice 
vector that translates the position of interacting atom at site 
j to the corresponding site within the same unit cell of atom 
at site i. For instance, the Hamiltonian matrix of AGNR with 
N = 3 is given by
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The Hamiltonian matrix of ZGNR with N = 2 is given by
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Here we apply typical value of tight-binding parameters 
(ε = 0 eV and t = −2.7 eV) of pristine graphene to GNR sys-
tem. Nevertheless, the form of analytical solutions to the 
Hamiltonian matrix is quite complicate. An appropriate 
approach is to use the numerical method to solve for the eigen-
values corresponding with the Hamiltonian matrix for each 
value of k. The plots of electronic structures of AGNR with 
the number of dimer lines N = 3, 4, 5 along relevant direc-
tion (k = kŷ where − < <π π/ /a k a) in the reciprocal space are 
shown in Figure 3.7. Figure 3.8 shows the electronic structures 
of ZGNR with the number of zigzag molecular chains N = 2, 
3, 4 along k = kx̂  where − < <π π/ /a k a.

With these simple models, AGNRs are either metallic or 
semiconducting depending on their widths, and ZGNRs are 
always metallic regardless of the width (Nakada et al. 1996). 
The bandgap of semiconducting AGNRs decreases as a func-
tion of increasing widths as shown in Figure 3.9. The plot of 
calculated bandgap of AGNRs versus N exhibits three distinct 
family behaviors that can be separated into three different 
categories as N = 3p, 3p + 1, and 3p + 2 (where p is posi-
tive integer). AGNR could be metallic if N = 3p + 2 and be 
semiconducting for N = 3p or N = 3p + 1. From these simple 
models, the bandgap of ZGNR and AGNR with N = 3p + 2 
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FIGURE 3.6 Structure of GNRs with armchair and zigzag shape edges. The ribbon width is defined by the number of atoms in the unit 
cell. The number in figure denotes the site of the atom in the unit cell for forming the Hamiltonian matrix. Sublattices A and B are drawn by 
different colors. a1 and a2 are the lattice vectors corresponding to zigzag and armchair nanoribbons, respectively.
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are always zero. The bandgap of AGNR with N = 3p and 
N = 3p + 1 is comparable for the same p. However, the results 
from these simple tight-binding models are different from 
the first-principles calculations or higher-level calculation 
method and there are no metallic GNRs. The discrepancies 
are due mainly to the different behaviors of chemical bond-
ing at the edges of ribbons which cannot be described by a 
single hopping integral t. To be more realistic, the edge atoms 
of GNRs are passivated by some atoms or molecules so that 
the  hopping integrals and the onsite energies of atoms at the 
edges would be different from the atoms in the middle of 
the GNRs. Such effects would reduce the bonding distances 
between atoms at the edges and induce approximately 12% 
increase in the hopping integral between π-orbitals (Son 
et al. 2006). The correction to tight-binding models could be 
done by replacing the hopping integral of atoms at the edges 
with (1 + δ)t where δ ≈ 0.12. The onsite energy of atoms at 

0

1

2

N
30 33272421181512963

3p + 2

3p + 1

3pE ga
p(

eV
)

FIGURE 3.9 Bandgap of armchair GNRs as a function of width 
calculated from simple tight-binding models with the hopping inte-
gral t = −2.7 eV (square symbol) and with the correction δ = 0.12 to 
the hopping parameter t (circle symbol).
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FIGURE 3.7 Band structures of armchair GNRs (in the range of − < <π π/ /a k a) for the number of dimer lines N = 3, 4, 5 without the 
correction δ = 0 and with the correction δ = 0.12 to the hopping parameter t are indicated by black and gray solid curves, respectively. The 
onsite energy ε = 0 and the hopping integral t = −2.7 eV are used in tight-binding calculations. The horizontal line at 0 eV could be consid-
ered as the Fermi level.
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the edges could be defined by an additional parameter εδ. 
However, from previous study, there is no contribution from 
the variation in the onsite energies (εδ) at the edges to the first 
order (Son et al. 2006), so we can use εδ = ε= 0. With these 
corrections, the Hamiltonian matrix of AGNR with N = 3 is 
given by
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Similarly, the Hamiltonian matrix of AGNR for larger 
N (N = 4 and so on) could be obtained in the same manner. 
For example, the Hamiltonian matrix of AGNR with N = 4 
is given by
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The band structures of AGNR with N = 3, 4, 5 are shown 
in Figure 3.7. It clearly shows how the electronic structures 
change with an additional parameter δ. The correction to 
hopping integral of atoms at the edges is strongly correlated 
to the lift of the doubly degenerate states at the zone edge 
(−π/a or π/a) for N = 3, 5 and at the crossing bands for N = 4, 
5. This correction creates bandgap for AGNR with N = 5 or 
group of AGNRs with N = 3p + 2. The variation of bandgaps 
of AGNRs with correction to the hopping integral of atoms at 
the edges is shown in Figure 3.9. All AGNRs are now semi-
conductors with bandgaps that decrease as a function of rib-
bon width.

With the correction to atoms at the edges, the Hamiltonian 
matrix of ZGNR with N = 2 is given by
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Since the atoms on opposite edge of ZGNRs belong to 
different sublattices, the onsite energy of atoms at the edges 
could be defined separately as εα and εβ for sublattices A and 
B, respectively. Similarly, the Hamiltonian matrix of ZGNR 
for larger N (N = 3 and so on) could be obtained in the same 
manner. For example, the Hamiltonian matrix of ZGNR with 
N = 3 is given by
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If the εα = εβ = ε, ZGNRs are always metallic as shown in 
Figure 3.8. The first-order correction can be made by using 
different values for εα and εβ. From first-principles calcula-
tions based on density functional theory (DFT) (Fujita et al. 
1996), it has been shown that ZGNRs are semiconductors, 
and they present spin-polarized edges. This opens up band-
gap of ZGNR, which can be investigated by setting value of 
εα and εβ. This correction lifts the doubly degenerate states at 
the zone edge (−π/a or π/a) resulting in band gaps for ZGNRs. 
We can clearly see that the electronic structures around the 
Fermi level and the zone edges are sensitive to the modifica-
tion of the edges of GNRs. Especially, for ZGNRs, the onsite 
energies of atoms at the edges affect specific states around 
the Fermi level as clearly shown in Figure 3.8. These states 
mainly belong to the orbitals of atoms at the edges, so-called 
edge states. The edge states around the Fermi level form flat 
bands that attribute to a very large density of states at the 
Fermi level and play a crucial role in the magnetic properties 
of GNRs (Fujita et al. 1996).

It is interesting to see what would happen if an atom at sub-
lattice A is different from an atom at sublattice B, which lifts 
the inversion symmetry of nanoribbons. Suppose that boron 
and nitrogen atoms are at sublattices A and B, respectively. 
The tight-binding parameters taken from h-BN (Jungthawan 
et al. 2011), that is, the onsite energy of boron εB = εA = 3.6 eV, 
the onsite energy of nitrogen εN = εB = −1 eV, and the hop-
ping integral t = −2.5 eV, could be used for atoms that are not 
on the edges of ribbon. Similar to AGNRs, the correction to 
the hopping integral of atoms at the edges could be done by 
replacing t with (1 + δ)t. The onsite energies of atoms at sub-
lattices A and B at the edges could be defined by an additional 
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parameter εα and εβ, respectively. For armchair boron nitride 
nanoribbon (ABNR) with N = 3, the Hamiltonian matrix is 
given by
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Similarly, the Hamiltonian matrix of ABNR for larger 
N (N = 4 and so on) could be obtained in the same manner. 
For example, the Hamiltonian matrix of ABNR with N = 4 
is given by
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The band structures of ABNR with N = 3, 4, 5 are shown 
in Figure 3.10. The splitting of doubly degenerate states and 
crossing bands caused by parameter δ is similar to the case of 
AGNRs. For zigzag boron nitride nanoribbons (ZBNR), the 
Hamiltonian matrix for ZBNR with N = 2 is given by
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Similarly, the Hamiltonian matrix of ZBNR for larger 
N (N = 3 and so on) could be obtained in the same manner. 
For example, the Hamiltonian matrix of ZBNR with N = 3 is 
given by

 

ˆ ( )

( )

( )

( )
H

t e

t e t

t

t e

i

i
B

A

i
k

k a

k a

k a
=

+
+

+

− ⋅

⋅

− ⋅

ε
ε

ε

α 1 0

1

0

0 0 1

0 0 0

0 0

1

1

1

00

0 0 0

0 0 0

1 0 0

0

1

0 1

1

1














+

+
+

⋅

− ⋅

t e

t

t t e

t e

i

B

A
i

i

( )

( )

(

k a

k a

k

ε
ε

⋅⋅












a1 )

.

εβ  (3.80)

The band structures of ZBNR with N = 2, 3, 4 are shown 
in Figure 3.11. This type of nanoribbons shows interesting 
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FIGURE 3.10 Band structures of armchair boron nitride nanoribbons (in the range of − < <π π/ /a k a) for the number of dimer lines N = 3, 
4, 5 without the correction δ = 0 and with the correction δ = 0.2 to the hopping parameter t are indicated by black and gray solid curves, 
respectively. Suppose that boron and nitrogen atoms are at sublattices A and B, respectively. The onsite energies εA = 3.6 eV, εB = −1 eV and 
the hopping integral t = −2.5 eV are used in tight-binding calculations. The horizontal line at 0 eV could be considered as the Fermi level.
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features of the electronic structures that depend on onsite 
 energies at the edges (εα or εβ). If the onsite energy is stron-
ger (more positive or more negative) than the onsite energy of 
middle atom, the extrema of valence band or conduction band 
(depending on the sign of onsite energy) are slightly shifted 
away from the zone edge (−π/a or π/a). For example, if the 
onsite energies of atoms at the edges are increased by 20% 
that are εα = 1.2εA and εβ = 1.2εB, the valence band maximum 
and the conduction band minimum are shifted about π/4a 
from the zone edge as shown by black solid line in Figure 
3.11. If the onsite energies of atoms at the edges are decreased 
by 20% that are εα = 0.8εA and εβ = 0.8εB, the flat bands of the 
valence band and the conduction band near the zone edges 
are changed. The flat bands at the zone edges are signifi-
cantly changed due to edge modification which implies that 
these states would be highly localized on atoms at the edges. 
Therefore, the modification of nanoribbon edges by some 
foreign atoms or molecules could manipulate the edge states 
and the properties of nanoribbons. The boundary regions play 
an important role so the edge effects influence strongly the π 
electron states near the Fermi level.

3.5  ATOMIC ARRANGEMENT AND ITS 
EFFECTS ON ELECTRONIC STRUCTURES 
OF GRAPHENE: A CASE OF GRAPHENE/
BORON NITRIDE SHEET SUPERLATTICES

An approach for modification of GNR edges and manipula-
tion of the properties of GNRs is forming an SL structure 
between graphene and boron nitride (BN). A SL structure 
is formed by mixing graphene and BN with different stripe 
widths (number of molecular chains). The simple models of 
the two most relevant orientations of the SLs, that is, zig-
zag (Z) or armchair (A) molecular chains, are shown in 

Figures 3.12 and 3.13, respectively. The zigzag and armchair 
SLs with one alternating chain are referred as 1Z and 1A, 
respectively. A corresponding SL structure (for 1Z or 1A) 
with inversion symmetry could be modeled by doubling the 
supercell and swap the atomic types in one of the stripes 
as illustrated in Figures 3.12 (1Zi) and 3.13 (1Ai). Other SL 
structures of graphene and BN with different number of 
stripe widths could be modeled in the same manner. Based 
on nearest-neighbor tight-binding model, there are three 
possible onsite energy values εC, εB, and εN. In addition, there 
are four hopping integrals tCC, tCB, tCN, and tBN. These seven 
parameters (three onsite energies and four hopping integrals) 
could be adjusted or fitted to reproduce certain properties 
from first-principles calculations. One of the advantage 
of tight-binding model is that the contribution from each 
parameter could be examined by adjusting its value and 
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inspecting the change of electronic structures. The general 
form of the Hamiltonian matrix is
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The Hamiltonian matrix is Hermitian matrix, so we can 
explicitly write down only the upper triangular elements. The 
Hamiltonian matrix with nearest-neighbor interactions for 1Z 
SL is given by
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where the upper triangular elements are
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The Hamiltonian matrix for 1Zi SL is given by
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The Hamiltonian matrix for 1A SL is given by
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The Hamiltonian matrix for 1Ai SL is given by
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To start with the fitting, one would optimize all three onsite 
energies (εC, εB, and εN) and two of the hopping integrals (tCC 
and tBN) to reproduce the π band and bandgap of graphene 
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FIGURE 3.13 Armchair superlattices with one alternating molecular chain, 1A and 1Ai. The gray, dark gray, and black spheres represent 
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and BN obtained from experimental data or first-principles 
calculations. Then these five parameters would be kept fixed 
while the remaining two hopping integrals (tCB and tCN) are 
optimized, to reproduce the π band near the Fermi level, or 
adjusted, to gain qualitative interpretation, for each SL. First, 
εC is set to zero and tCC is optimized (optimized value is 
tCC = −2.7 eV) to reproduce the πCC band of graphene (Figure 
3.2). Second, εB, εN, and tBN are optimized (optimized values 
are εB = 3.6 eV, εN = −1 eV, and tBN = −2.5 eV) to reproduce 
the πBN band and bandgap of BN (Figure 3.2) (Jungthawan 
et al. 2011). In order to investigate the effects of the bonding 
at the edges, tCB and tCN are set to zero, that is, turning off the 
interactions between C–B and C–N at the edges. By diagonal-
izing the Hamiltonian matrix (Equations 3.83 through 3.86), 
one obtains the dispersion relation for the case of non-inter-
acting edges as shown in Figures 3.14b and 3.15b for zigzag 
and armchair SLs, respectively.

The electronic structure of 1Z and 1Zi SLs can be viewed 
as a combination of electronic structures of the correspond-
ing width ZGNR and ZBNR. In Figure 3.14b, the bands of 
graphene domain have closed bandgap and the bands of BN 
domain have wide bandgaps. Because the ZBNR has a wide 
bandgap, the electronic structure from the ZGNR plays the 
dominant roles near the band edges. To gain qualitative inter-
pretation, we can turn on and adjust the interactions between 
C–B and C–N at the edges. When the hopping integrals tCB 
and tCN are turned on, we can optimize the bands to fit the 
first-principles calculations or adjust the bands to investigate 
the effect of each interaction to the electronic structures. 
The hopping integrals tCB and tCN lift the degeneracy of the 
ZGNR edge states at X where tCB (or tCN) allows a coupling 
of energy levels between C and B (or N) at the edges. The 
coupled π-states are split into C–B (or C–N) bonding state 
(πCB or πCN) and antibonding state (πCB

∗  or πCN
∗ ), as shown in 

Figure 3.14a for 1Z SL and Figure 3.14c for 1Zi SL. The πCB 
and πCB

∗  states (coupled πCC and πBN
∗  states) are located above 

πCN and πCN
∗  (coupled πBN and πCC

∗  states), respectively. As a 
result, the πCB and πCN

∗  states become valence band maximum 
and conduction band minimum states, respectively. For 1Z 
SL, the difference between the two graphene edges breaks the 
symmetry, leading to bandgap opening. In contrast, for 1Zi 
SL, the two edges of any graphene stripe are identical because 
of the inversion symmetry. As a result, C–B and C–N edge 
states can cross, leading to a closed bandgap. Note that the 
optimized values of tCB and tCN to fit the first-principles calcu-
lations for 1Z and 1Zi are tCB = −2.1 eV and tCN = −2.3 eV, and 
tCB = −1.8 eV and tCN = −1.0 eV, respectively. The optimized 
values are quite different, indicating that they are not very 
transferable.

In the previous section, we have demonstrated that within 
nearest-neighbor tight-binding model, AGNRs are either 
metallic or semiconducting depending on their widths, which 
are defined by the number of dimer lines N. The bandgap of 
AGNRs is categorized into three distinct groups as N = 3p, 
3p + 1, and 3p + 2 (where p is integer). AGNR could be 
metallic if N = 3p + 2 and be semiconducting for N = 3p or 
N = 3p + 1. From these simple models, the bandgap of ZGNR 
and AGNR with N = 3p + 2 are always zero. The bandgap 
of AGNR with N = 3p and N = 3p + 1 is comparable for the 
same p, so that 1A and 1Ai SLs have a graphene domain width 
equal to the closed bandgap AGNRs. On the other hand, 
ABNRs always have wide bandgap. The electronic structures 
of 1A and 1Ai SLs can be considered as a combination of 
the electronic structures of the corresponding width AGNR 
and ABNR as shown in Figure 3.15b. Since the ABNR has 
a wide bandgap, the electronic structure from the graphene 
stripe plays a dominant role near the band edges. When the 
hopping integrals tCB and tCN are turned on, the interactions 
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at the ribbon edges open up the bandgap, as shown in Figure 
3.15a for 1A SL, by allowing couplings between AGNR and 
ABNR at the edges that lift the degeneracy between πCC and 
πCC

∗  state. In armchair SLs, each edge contains an equal num-
ber of C–B and C–N bonds. This leads to a mixed C–B and 
C–N character at each band edge, with energy levels compa-
rable to those of the graphene states (πCC and πCC

∗ ) causing 
the splitting of AGNR state. The bandgap opening effect is 
reduced by the inversion symmetry as can be seen in Figure 
3.15c for 1Ai SL, where the splitting of AGNR state is less 
than the reduction by the inversion symmetry. As a result, the 
crossing by the inversion symmetry is observed. Note that the 
optimized values of tCB and tCN to fit the first-principles calcu-
lations for 1A and 1Ai are tCB = −2.1 eV and tCN = −1.6 eV, and 
tCB = −3.1 eV and tCN = −1.7 eV, respectively. The orientation 
and ordering play crucial roles in the electronic structure of 
SLs. The electronic structures reveal particular states that are 
sensitive to the detailed arrangement of constituents.

3.6  ENUMERATION METHOD TO 
GENERATE GRAPHENE–ALLOY 
CONFIGURATIONS: A CASE OF 
GRAPHENE/BORON NITRIDE ALLOYS

A systematic enumeration method to generate graphene–alloy 
configurations can be performed by the algorithm for gener-
ating superstructures based on Hart and Forcade (2008). The 
tight-binding method can be used to calculate or estimate the 
electronic structures of those configurations. Under nonequi-
librium growth condition, whereas some atomic configuration 
can be controlled, the properties of graphene can be modified 

by forming nanostructure or changing atomic arrangement. In 
order to understand the properties of graphene, the tight-bind-
ing method is a simple and an effective approach to understand 
the underlying mechanism of the change of properties due to 
atomic arrangement. The configurations of graphene–alloy 
compounds could be generated by Alloy Theoretic Automated 
Toolkit (ATAT) (van de Walle 2009; van de Walle et al. 2002). 
As a representative case, we will discuss about the atomic 
arrangement of single-sheet graphene/BN alloys with the BC2N 
stoichiometric ratio (1 − BC2N). The number of configurations 
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and cell shapes generated by ATAT for 1 − BC2N with up to 
8 atoms in a unit cell are 6 + 236 configurations (6 and 236 
configurations for 4 and 8 atoms in a unit cell, respectively) 
and 2 + 5 cell shapes. There are a number of equivalent con-
figurations (some of the configurations can be represented by 
more than one unit cell). Previous theoretical works showed 
that 1 − BC2N compounds disfavor B–B and N–N neighboring 
(Blase 2000; Blase et al. 1999; Liu et al. 1989), and hence the 
configurations having such disfavored bonds can be discarded. 

After exclusion of the redundant configurations that are the 
configurations with disfavor bonds or repetitive configurations 
(i.e., some of configurations can be represented by more than 
one unit cell), the total number of unique configurations is 
3 + 43 configurations from 1 + 3 unique unit cells.

The four unique unit cells are illustrated in Figure 3.16. 
For each unit cell, the lattice vectors and bases are tabulated 
in Table 3.2. The smallest supercell containing all these 
structures is 16 atoms cell with lattice vectors of a1 2= ax̂  
and a2 2 3= aŷ in Cartesian coordinate. This supercell con-
tains roughly 316 structures including 900, 900 structures 
of 1 − BC2N. A unit cell with 8 atoms contains roughly 38 
structures (420 structures are 1 − BC2N). It is clearly shown 
that most of the structures are equivalent and only 46 repre-
sentative structures belong to the four unique unit cells. The 
direct enumeration approach to generate alloy configurations 
is vastly efficient. The method provides a practical number of 
configurations (irreducible representation), which are compu-
tationally feasible for comprehensive study by first-principles 
calculations or for qualitative study by tight-binding method. 
In Table 3.2, the atomic position of each configuration can 
be obtained by converting configuration number from base-10 
(n10) to base-3 (n3) number. The digits 0, 1, and 2 correspond 
to C, B, and N. For instance, the configuration 5710 (20103) is 

a 4-atoms configuration containing two C at ( , )1 2 3 2  and 

( , )1 1 3 , one B at ( , )1 2 5 12 , and one N at ( , )1 3 . The cal-
culation by tight-binding method can be performed similarly 
to the previous section.
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4 Graphene Plasmonics
Light–Matter Interactions at the Atomic Scale

Pai-Yen Chen and Mohamed Farhat

ABSTRACT

Graphene plasmonics, which studies the collective oscilla-
tion of massless Dirac fermions inside graphene, merges two 
vibrant fields of study: graphene physics and plasmonics. 
The propagation of surface plasmon polaritons (SPP) waves 
in the one-atom-thick graphene can be largely controlled by 
graphene’s tunable surface conductivity via chemical dop-
ing or electrostatic gating. Graphene is a well-known mate-
rial whose plasma frequency can range broadly from direct 
current (DC) to infrared, sensibly depending on the carrier 
density or Fermi level. The intriguing plasmonic properties 
of graphene open tremendous new possibilities in tunable and 
switchable novel terahertz (THz) and infrared optoelectronic 
devices, with features of compact size, ultrahigh speed, and 
low power consumption. In this chapter, we will review the 
theory and recent findings on graphene plasmonics. We pres-
ent current advances and future applications of graphene plas-
monics in the extreme manipulation of light at the nanoscale.

4.1 INTRODUCTION

Graphene is a single layer of sp2-bonded carbon atoms 
arranged in a hexagonal structure, which is effectively a 2-D 
version of the 3-D crystalline graphite. Ever since graphene 
has been discovered in 2004 [1], it has attracted wide attention 
due to its exotic electronic, thermal, mechanical, chemical, 
and optical properties, such as high carrier mobility, exceed-
ing 20,000 cm2/Vs and Fermi velocity (υF) of 108 cm/s at low 
temperatures, quantum Hall effect, unexpectedly high opacity, 
and mechanical flexibility, among others [1–5]. In graphene, 
the linear energy–momentum dispersion relation is obtained 
over a wide range of energies such that electrons in graphene 

behave as massless relativistic particles (Dirac fermions) with 
an energy-independent velocity. As expected, a high-quality 
graphene monolayer may exhibit a ballistic transport over 
at least submicron distances, as has been demonstrated in 
its two-dimensional (2-D) version: cylindrical carbon nano-
tube (wrapped graphene monolayer [6]). Graphene’s exotic 
band structure and its finite density of state associated with 
its extreme thinness results in a pronounced ambipolar elec-
tric field effect and quantum-capacitance-limited nanodevices 
[1–5], of which the charge carriers can be tuned continuously 
between electrons and holes in concentrations as high as 
1013 cm−2 [2] by the chemical doping or the electrostatic gating. 
Recently, it became possible to fabricate large-area mono- or 
few-layer graphene by the chemical vapor deposition (CVD) at 
low temperatures [7–9]. Graphene is considered to be one of 
the most promising material candidates for post-silicon nano-
electronic devices and interconnects [1–5], and as transparent 
electrodes for solar cells and flexible flat-panel displays [9].

Recently, the discovery of graphene’s inherent plasmonic-
like properties in the THz and infrared (IR) spectrum has 
further enriched this multifunctional nanomaterial platform 
[10–26]. The surface plasmon bounded to one-atom-thick gra-
phene sheet shows numerous favorable properties, making gra-
phene a promising alternative to typical plasmonic materials. 
Typically, plasmonics exploits the mass inertia of conduction 
band free electrons to create propagating charge density waves 
at the metal (semiconductor)–dielectric interface in the infra-
red and visible region [27–29], being particularly useful for 
overcoming the diffraction limit and applications in intra-chip 
signal transmission and information processing, ultra-sensitive 
optical biosensing, optical metamaterials, and ultimately, a 
synergistic bridge between nanoelectronics and nanophoton-
ics [27–30]. However, the plasma frequency of most plasmonic 
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materials, such as noble metals, typically falls into the visible 
and ultraviolet (UV) spectrum, which is also hardly tunable. 
Besides, noble metals have large Ohmic losses, which in turn 
reduce the lifetime of SPP excitation and the maximum field 
confinement. On the other hand, due to its finite free carrier 
density, graphene’s plasma frequency can fall into the THz 
and IR spectrum. The extreme light–matter interaction at the 
atomic scale is followed by a significant wavelength shortening 
and dramatically enhanced local fields. Most interestingly, the 
dynamic tuning of the plasmon spectrum is possible through 
the control of carrier concentration or Fermi energy of gra-
phene by the electrical, magnetic, or chemical means [10–18]. 
Besides, the large-area, low-defect, highly crystalline gra-
phene is expected to raise the surface plasmon lifetime of gra-
phene ideally up to hundreds of optical cycles, circumventing a 
major challenge of noble-metal plasmonics [17,20]. Last but not 
least, this atomically thin carbon layer has excellent electronic 
and optical properties, unprecedented mechanical strength, 
and thermal stability [1–3]. As a result, graphene plasmon-
ics [10–26] has become a rapidly emerging field, particularly 
because of the gate-tunable plasmon resonance of massless 
Dirac fermions followed by controllable electromagnetic wave 
transitions. Graphene has been experimentally demonstrated 
to support the surface wave in the IR spectrum, with moderate 
loss and very strong field localization [24], which is envisioned 
to realize flatland transformation optics and metamaterials in 
the same spectrum [17,31].

Graphene plasmonics has become the subject of intensive 
research, with extremely promising applications for tunable 
and frequency-configurable optoelectronic devices [32,33], 
metamaterials [31,34–36], polarizers [19], invisibility cloaks 
[18,37,38], nanoantennas [22,39–43], phase shifters [39], pho-
tomixers [40], and oscillators [14], spanning the frequency 
from THz, far-infrared, to mid-infrared. In general, for those 
applications the ultrafast, low-power, and broadband modu-
lations for amplitude and phase are potentially possible. In 
this chapter, we will briefly review the recent developments of 
theory and practical applications of graphene plasmonics and 
enhanced light–matter interactions in the THz and infrared 
spectrum.

4.2 GRAPHENE SURFACE CONDUCTIVITY

Typically, the one-atom-thick graphene is represented by a 
complex-valued surface conductivity σ ω σ σs s sj( ) = ′ + ′′  [10–
13] derived from a microscopic quantum-dynamical model. 
We assume in the following an ejωt time dependence. In this 
scenario, the classical Maxwell’s equations are solved exactly 
for an arbitrary electrical current. In infrared frequency range 
and below, the surface conductivity of graphene monolayer is 
sensitively dependent on Fermi energy (chemical potential), 
largely tuned either by the chemical doping [44] or external 
static electric field [24] (providing an isotropic scalar surface 
conductivity) or external static magnetic field via Hall effect 
[10–13] (providing anisotropic and tensor surface conduc-
tivity). In the absence of external magnetic field, graphene’s 
surface conductivity, which includes both semi-classical 

intraband conductivity σintra and quantum-dynamical inter-
band conductivity σinter can be expressed as

 

σ ω τ σ σ

ω τ
π

ε
ω τ

ε

s F ra er

d

E T

jq j

j

f

( , , , )

( ) | |
( )

(

= +

= −
−

∂−

−

int int

2 1

2 1 2�
))

( ) ( )
( ) ( / )

,

∂







− ∂ − − ∂
− −







−∞

+∞

−

+∞

∫

∫

ε
ε

ε ε
ω τ ε

ε

d

f f

j
dd d

1 2 2

0
4 �

 

(4.1)

where fd = 1/(1 + exp[(ε − EF)/(kBT)]) is the Fermi–Dirac dis-
tribution, ε is the energy, EF is the Fermi energy, T is the tem-
perature, q is the electron charge, �  is the reduced Planck’s 
constant, and τ is the momentum relaxation time associated 
with plasmon loss due to impurities and defects. The first and 
second terms in Equation 4.1 account for the intraband and 
interband contributions, respectively. In the THz region, σintra 
dominates over σinter and, therefore, the surface conductivity 
of graphene can be explicitly expressed as
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For moderately doped graphene, that is, |EF| ≫ kBT and 
for frequencies far below the interband transition threshold, 
�ω < 2 | |EF , Equation 4.2 reduces to a Drude-type dispersion:
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The interband conductivity is on the order of q2 /�. In 
general, σinter must be evaluated numerically, however, for 
� �ω, | |E k TF B , it can be approximated as [11–13]
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At room temperatures and for frequencies below the THz 
regime, the interband conductivity is almost negligible when 
compared with the intraband contributions (4.2). The unique 
features of ballistic transport and ultrahigh electron mobility 
(in excess of 20,000 cm2 V−1 s−1) [2] may provide a large value 
of |σ″/σ′|. This implies that graphene can be considered as a 
purely reactive sheet at high frequencies (THz and far-infra-
red), playing a role analogous to a moderately lossy reactive 
frequency selective surface or metasurface at lower frequen-
cies, without even the need of patterning the surface.

Figure 4.1 reports the complex-valued conductivity of gra-
phene with different values of Fermi energy. It is seen from 
Figure 4.1 that the imaginary part of the sheet conductivity is 
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tunable with the Fermi energy, implying that the sheet reac-
tance associated with the near-field stored energy is largely 
tunable. In the near-infrared and visible region ( | |),� �ω 2 EF  
graphene’s sheet conductivity obtained from Equation 4.1 is a 

real constant q2 4/ �  and a high opacity about 97.7% is obtained. 
For an N-layer graphene, one may assume σN-layer = Nσmono in 
the classical model, which is approximately valid for at least 
up to N = 10, as observed in experiments [45].

In the local Hall-effect regime, with a magnetic bias and 
possibly electrostatic bias, the surface conductivity is a tensor 
that can be explicitly expressed as [10,11,13]
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and M nv qBn F= +∆2 2
02 | |�, and E0 and B0 are the external 

static electric and magnetic fields, respectively. Table 4.1 sum-
marizes the graphene’s conductivity at different operating fre-
quencies and biasing conditions.

Typically, the Fermi energy of graphene can be tuned 
from −1 eV to 1 eV by an externally applied bias. Due to 
the electron–hole symmetry in the graphene band structure, 
both negative and positive signs of Fermi energy provide the 
same complex surface conductivity. The Fermi energy in a 
graphene monolayer is determined by the carrier density ns 
as [6]
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This implies that heavily doped polysilicon or metal gate 
positioned behind the insulating oxide may tune the Fermi 
energy and, therefore, the associated conductivity by applying 
a gate voltage. In this scenario, the 2-D surface charge density 
can be controlled by the displacement current on a charged 
surface ens = CoxVg, where Cox = εox /dox is the gate capacitance 
and dox is the oxide thickness.

4.3  TERAHERTZ WAVE SCATTERING, 
PROPAGATION, AND 
GUIDANCE BY GRAPHENE

This section starts with the terahertz wave reflection and trans-
mission of electromagnetic waves at the graphene–dielectric 
interface, as well as the scattering of electromagnetic radia-
tion by graphene-covered objects. It will follow with discus-
sions on the surface wave excitation on the graphene sheet and 
guidance properties of the graphene parallel-plate waveguide, 
a graphene–dielectric–graphene structure. For simplicity, 
unless otherwise mentioned, τ = 1 ps is assumed. This value 
is consistent with the ballistic transport features of graphene, 
whose mean free path was measured to be up to 500 nm at 
room temperature and larger than 4 μm at low temperatures 
[2]. Here, we assume that there is no external magnetic field 
and the conductivity is, therefore, isotropic without the Hall 
conductivity.

High opacity
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FIGURE 4.1 Frequency dispersion of sheet conductivity for a 
monolayer graphene, varying the Fermi energy. The results are cal-
culated using Equation 4.1.
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4.3.1  refLection, transmission, and 
scatterinG properties of Graphene

The surface conductivity of graphene, which corresponds to 
a surface impedance Zs = 1/σs, behaves like an inductive sur-
face with moderate losses at THz and infrared frequencies, 
because of the small real part and negative imaginary part of 
its complex conductivity: Re[σs] > 0, Im[σs] < 0 (or Re[Zs] > 0, 
Im[Zs] > 0). Since a graphene monolayer can be described 
with the frequency-dependent complex sheet conductivity, 
the plane-wave reflection R and transmission T of a large-area 
graphene monolayer can be obtained by applying the two-
sided impedance boundary conditions at the graphene–dielec-
tric interface [25]. Figure 4.2a reports the reflectance |R|2 
and transmittance |T|2 for a suspended, large-area graphene 

monolayer (much larger than the electron mean free path) on 
a silicon dioxide (SiO2) substrate with permittivity εSiO2 = 4ε0, 
varying the Fermi energy of graphene. It is seen that a gra-
phene monolayer is highly reflective on the air–SiO2 interface 
at low-THz frequencies, in some sense similar to inductive 
metallic partially reflective surface (PRS) (i.e., an inductive 
metallic mesh-grid array at RF and microwaves [46–48]). A 
graphene sheet behaves like a “high-pass filter” at millime-
ter-wave and low-THz frequencies (see Figure 4.2a). Notice 
that the transparency of graphene (including both amplitude 
and phase of R and T) depends on its shiftable Fermi energy 
[24]. With this intriguing property, we may be able to make 
dynamically tunable graphene filters, cavities, or bandgap 
structures at THz and infrared frequencies.

TABLE 4.1
Summary of Graphene’s Conductivity at Different Operating Frequency and Bias Conditions
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Next, we consider a Fabry–Perot resonant cavity (see the 
inset of Figure 4.2b), which is made of a thin SiO2 slab and two 
graphene sheets. The transmittance, reflectance, and absorp-
tion of this multilayer structure can be readily analyzed using 
the transmission-line circuit model and the transfer-matrix 
method [39,25,47], where a graphene sheet can be modeled as 
a shunt admittance Ys = σs. Figure 4.2b presents the transmit-
tance of this graphene–dielectric–graphene cavity; here, the 
Fermi energy of graphene EF = 0.4 eV (gray solid line) and 
the thickness of SiO2 layer d = 25 μm. The transmittance of 
the SiO2 substrate without the graphene sheets (gray dash-
dot line) is also calculated for comparison. It is observed in 
Figure 4.2b that the transmission resonance appears at lower 
frequencies compared to the typical Fabry–Perot resonance 
of dielectric slab. The graphene sheet behaves like a shunt 
loading inductive element, which introduces addition phase 
shift for reflected waves and, thus, reduces the electrical 
length of cavity. Figure 4.2b presents also a stacked graphene 
Fabry–Perot cavity with N dielectric films (here N = 4) and 
N  + 1 graphene sheets (black solid line); here, the Fermi 
energy of graphene and the thickness of SiO2 are fixed. It can 
be seen that when the number of stacked layers increases, N 
peaks are obtained for an N-identical-layers graphene cav-
ity. Those transmission peaks at low frequencies (ω/2π < 1/τ) 
have a smaller magnitude, due to the serious plasmon loss. 
Notice that all transmission peaks are located in the pass-
band region followed by a stop-band region. This can be 
understood from the physics in relation to the electromag-
netic bandgap of a transmission line periodically loaded with 
shunt-connected reactances (Chapter 8 of Reference 49). In 
addition, since the surface reactance of graphene sensitively 
depends on Fermi energy, the resonant peaks are tunable by 

shifting graphene’s Fermi level, resulting in a tunable and 
switchable THz Fabry–Perot cavity.

Recently, specific interest has been devoted to novel mate-
rial platforms (plasmonic noble metals at infrared frequencies 
and visible, or graphene at THz and infrared frequencies), 
which may scatter and reradiate light in anomalous and exotic 
ways, providing new phenomena and applications. One of the 
most exciting applications of plasmonic materials is to achieve 
exotic transparency effects, or “hiding” an opaque object and 
making it effectively invisible to the electromagnetic radiation 
[18,36,37,50–54]. This passive camouflaging technique has the 
iconic term of invisibility cloaking. In addition to camouflag-
ing and mirage applications, the cloaking technique has been 
proposed to improve near-field sensors and detectors, such 
that their presence may cause less disturbance to the environ-
ment in complex sensing networks and systems [50–54]. This 
“cloaking a sensor” concept may be useful in many setups, for 
example, near-field scanning optical microscopes (NSOM) or 
receiving antennas in the future sub-THz and THz sensing and 
communication networks [51–53]. Since most sub-diffractive 
measurements are usually performed in the very near-field of 
the details to be imaged, their accuracy is intrinsically limited 
by the disturbance introduced by the close proximity of the 
sensing instrument, that is, a sensing probe that may perturb 
the near-field distributions and influence the measurement 
[51–53]. Hence, a “cloaked” sensor with much reduced scat-
tering may significantly improve sensing, detection, near-field 
measurements, and even communication technologies requir-
ing low levels of interference and noise [51–53].

Plasmonic cloaking is a scattering cancellation tech-
nique based on a homogeneous layer with low- or negative-
permittivity and/or permeability of plasmonic materials or 
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metamaterials, which may produce a local polarization vector 
that is in “anti-phase” with respect to that of the object to be 
cloaked. Therefore, a cancellation between the scattering of 
the object and of a properly designed plasmonic cover may 
restore the incident wavefront in the near- and far-field, and 
the cloaking effect is, in general, independent of the polariza-
tion and incidence angle of the impinging wave, as well as 
the position of the observer. A single homogeneous plasmonic 
layer, such as noble metal thin-film was shown to signifi-
cantly suppress the scattering from a few multipolar scatter-
ing orders, allowing effectively cloaking objects on the scale 
of the wavelength of operation.

In the THz and far-infrared spectrums, the relevant 
plasmonic properties of graphene would be best suited to 
manipulate the scattering responses of graphene-covered 
objects. The physical principle behind such graphene cloak 
resides in a similar scattering cancellation effect of bulk 
plasmonic covers, of which the induced surface current 
on graphene surface is properly tailored to radiate “anti-
phase” scattered fields [18,37]. The tunable sheet reactance 
of graphene, however, offers the unique advantage of being 
frequency-reconfigurable.

The inset of Figure 4.3a shows a graphene microtube (or 
single-walled carbon microtube [55]) realized by wrapping 
a graphene monolayer around a seamless cylinder [2], being 
designed for cloaking a dielectric cylinder, illuminated by 
a normally incident transverse magnetic (TM) plane wave. 
Here, we employ the Lorentz–Mie scattering theory and apply 
impedance boundary conditions for the graphene conductiv-
ity, forcing a discontinuity on the tangential magnetic field 
distribution on the graphene surface [18], which is propor-
tional to the induced averaged surface current:
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The scattering coefficients may be obtained by matching 
the tangential field components at the different boundaries 
and expressed as [53]
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The expressions for the nth order Pn
TM  and Qn

TM  scattering 
coefficients may be found in Reference 53, as a function of 
the geometry and the sheet conductivity (impedance) of gra-
phene. For an isotropic surface with negligible cross-polar-
ization coupling, such as graphene, the total scattering width 
(SW), as a quantitative measure of the overall visibility of the 
object at the frequency of interest, is given by [53]
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In the quasi-static limit, the closed-form cloaking condition 
for a dielectric cylinder under the TM-polarized illumination 
can be derived as Xdiel = 2/[ωaε0(εr − 1)], where a is the radius 
of the cylinder. Obviously, an inductive surface will be required 
for effectively cloaking a moderate-size dielectric object.

Figure 4.3a presents the total scattering width for an infi-
nite SiO2 cylinder with diameter 2a = 40 μm, covered by a 
graphene-wrapped microtube with different values of Fermi 
energy; here, an uncloaked SiO2 cylinder is also presented for 
a fair comparison (gray dash line). From Figure 4.3a, we see 
how significant scattering suppression is achieved at specific 
frequencies in the THz spectrum, using a conformal, atomi-
cally thin graphene cloak. It is verified how the cloaking fre-
quency may be widely tuned by varying the Fermi energy, 
realizing a tunable and switchable cloaking device. At specific 
frequencies, it is possible to vary the total scattering width by 
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over two orders of magnitude, simply through the variation 
of Fermi energy. Figure 4.3b and c presents, respectively, the 
near-field phase contours of the magnetic field on the E-plane 
for a cloaked (EF = 0.25 eV) and uncloaked SiO2 cylinder at 
the operating frequency f0 = 1.5 THz. In Figure 4.3b and c, 
we consider an incident angle α = 60°(the angle between the 
incident wave direction and the cylinder axis; see the inset of 
Figure 4.3a). In both panels, the plane wave excites the geom-
etry from the left side and contours are plotted on the same 
color scale. It is found that for all positions around the cyl-
inder, the significant scattering reduction and restoration of 
original phase fronts are obtained, when compared with a pure 
dielectric cylinder. The graphene cloak shows the remarkable 
property of drastically suppressing the scattering even in the 
very near-field of the object. It is also worth noting that, simi-
lar to those plasmonic cloaking technique [51–53], the THz 
wave can penetrate the graphene cloak and object, thereby 
enabling applications in low-interference cloaked sensing and 
non-invasive probing in the THz and infrared spectrum. The 
multiband operation and cloaking larger objects may also be 
possible by using multiple graphene layers, which offer more 
degrees-of-freedom and allow suppressing a larger number 
of scattering orders. A theoretical discussion on the possibil-
ity of cloaking a dielectric sphere with multiband operation 
can be found in Reference 37. In addition, microstructured 
graphene (i.e., graphene patches or strips [38]) may tailor the 
surface reactance over a wide range capacitive or inductive 
value, depending on the geometry and dimensions of gra-
phene microstructures. This may allow the effective cloaking 
of dielectric or conducting objects [38].

4.3.2  surface wave excitation of 
Graphene monoLayer

The extremely confined surface wave sustained by graphene 
sheet may be of interest for passively guiding and actively 
gate-tuning/-modulating THz and infrared signals (with a 
graphene–insulator–gate configuration), dynamically tuning 
the dispersion relation of propagating surface plasmon waves 
with a voltage-controlled guiding wavelength. By matching 

the two-sided impedance boundary, the dispersion equation 
for transverse magnetic (TM) surface waves on a planar gra-
phene layer in Figure 4.4a can be expressed as
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whereas for transverse electric (TE), the dispersion relation is
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where β is the complex phase constant of surface wave, ki, 
εi, and μi are the wave number, permittivity, and permeabil-
ity of the ith medium, respectively. The excitation of surface 
wave modes depends on both signs and value of imaginary 
part of graphene’s conductivity. In general, only modes on 
the proper Riemann sheet may provide meaningful physical 
wave phenomena, and leaky modes on the improper sheet are 
used to approximate parts of the spectrum in restricted spatial 
regions and to explain certain radiation phenomena [11,13,35]. 
Consider a free-standing graphene in vacuum (ε1 = ε2 = ε0, 
and μ1 = μ2 = μ0), the eigenmodal solutions for Equation 4.12 
can be explicitly expressed as
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whereas the similar explicit solution for Equation 4.13 is
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From Equations 4.14 and 4.15, we notice that if Re[σs] is small 
and Re[σs] < 0, a TM-mode slow surface-wave exists at THz and 
far-infrared frequencies, at which the intraband conductivity 
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dominates over interband contribution for a moderately doped 
graphene (see Figure 4.1). In this case, the strongly confined TM 
mode arises from the imaginary conductivity (see Figure 4.1). 
However, if Im[σs] > 0, where the interband transition domi-
nates, a leaky mode on the improper Riemann sheet [11,13,35] 
is obtained for the TM-mode surface wave. On the other hand, 
if Im[σs] > 0, the TE-mode surface wave can exist in the mid-
infrared region (see Figure 4.1). Unlike strongly localized 
TM-mode surface wave, TE-mode surface wave is, however, 
only weakly localized at the surface. Also, the plasmon losses 
and optical phonon scattering in the mid-infrared spectrum may 
limit the propagation length of TE-mode surface wave.

Figure 4.4b and c presents, respectively, contours of real 
and imaginary phase constant (normalized by the free space 
wave number) for TM surface wave, varying the operating fre-
quency and Fermi energy of graphene. In the low frequency 
region, where ω τ� −1 (i.e., microwaves), the TM surface 
wave is poorly confined to the graphene surface and relatively 
fast (β ≅ k9), where τ−1 is the phenomenological scattering 
rate. In the THz and far-infrared region, the surface wave is 
strongly confined and becomes slow (β ≫ k0), as its energy is 
concentrated in the near-field of graphene surface. We note 
that around the interband transition threshold (�ω = 2 | |EF ), 
a moderate change in Fermi energy can dramatically change 
the sign of imaginary conductivity from negative to posi-
tive, thereby supporting the TE surface wave. In the range of 
τ ω− <1 2� �| |EF /  (i.e., THz and far-infrared region), only a 
strongly confined TM surface wave can propagate. This TM 
mode is of particular interest, since it is dispersive with the 
Fermi energy in the frequency range of interest. This allows 
one to tune and modulate the dispersion of surface waves by 
electrical gating or chemical doping. In contrast, the TE mode 
is poorly confined to the graphene sheet and it is essentially 
non-dispersive. Since the TE and TM modes do not coex-
ist, this allows one to make a broadband graphene polarizer, 
which supports the TE surface wave propagation for frequen-
cies above the interband transition threshold [19].

4.3.3  Graphene paraLLeL-pLate 
waveGuide interconnect

Typically, a subwavelength parallel-plate plasmonic wave-
guide (i.e., metal–insulator–metal (MIM) heterostructure) 
may be used to further confine and control the surface plas-
mon modes. A low-loss, low-signal-dispersion THz intercon-
nect will soon be required by the insatiable demand for high 
speed devices and wideband communication. Figure 4.5a 
illustrates a graphene-based THz interconnect, constructed 
with two graphene sheets with width much larger than sep-
aration distance d (a parallel-plate waveguide configuration 
with the propagation axis oriented along the z-axis). In many 
senses, the propagation properties of this graphene waveguide 
are analogous to the ones of the MIM optical waveguide sup-
porting similarly confined surface modes, but suitable for 
sub-THz, THz, and infrared frequencies. For TMz waves with 
magnetic field Hx(y)exp[j(ωt − βz)], the complex eigenmodal 
phase constant β can be evaluated by solving the dispersion 
equation:
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where ε2 and ε1 are the material permittivity inside and 
outside the waveguide, respectively. When the separation 
between the graphene monolayers is reduced to a deep-
subwavelength scale d ≪ λ0, such graphene waveguide sup-
ports a quasi-TEM mode [12–39]. Under the long-wavelength 

approximation d �min( | |, / | |)2 22 0 1 0π ω ε µ π ω ε µ/  and 
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0 1− ω ωµ ε εout out/ � , a simple 
explicit dispersion relation can be obtained as
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As expected, for sufficiently large conductivity, the per-
mittivity of outer cladding layer has a negligible effect on the 
complex phase constant β, since the mode is tightly confined 
between the graphene layers. For the quasi-TEM mode that, 
in principle, has no cutoff frequency, the longitudinal field Ez 
is nonzero but very small compared to the uniform transverse 
field Ex, provided that the waveguide dimension (d) is very 
small. Due to the nature of field symmetry of the quasi-TEM 
mode, the graphene parallel-plate waveguide in Figure 4.5a 
can be replaced by a half-size waveguide in Figure 4.5b, of 
which a single graphene sheet is separated from a conducting 
ground plane by a half-thickness dielectric layer. Figure 4.5c 
presents the normalized phase constant β/k1 for a graphene 
waveguide in Figure 4.5b, filled with a 50 nm-thick SiO2 
(ε2 = 4ε0 and d/2 = 50 nm) in a background of air (ε1 = ε0). It 
can be seen that in the low-THz region, the quasi-TEM mode 
is relatively non-dispersive, supporting a slow-wave propaga-
tion with strongly confined THz waves inside the waveguide, 
and a guiding wavelength much smaller than the free-space 
wavelength λg ≪ λ0, thanks to the large plasmonic proper-
ties (kinetic inductance) of graphene. In the microwave and 
millimeter-wave regions (ω ≪ 1/τ), the value of the attenua-
tion constant corresponding to Im[β] is quite high and the real 
phase constant is dispersive, due to the high plasmon losses. 
As a result, the group velocity ∂ω/∂β is frequency-dependent, 
which usually causes the undesired signal dispersion. In the 
low frequency range, the graphene waveguide is basically a 
lossy RC transmission line (where the R and C are mainly con-
tributed from the intrinsic plasmon loss of graphene and elec-
trostatic capacitance yielded by the geometry, respectively). In 
some recent experiments, graphene-based transmission line 
has been demonstrated to be useful for making attenuators at 
RF and microwave frequencies [56]. For frequencies above 
sub-THz, the attenuation constant becomes small and the 
group velocity is almost constant without dispersion. In this 
case, a low-loss LC transmission line with minimized signal 

attenuation and dispersion is obtained, where the inductance 
is mainly contributed by graphene’s large kinetic inductance 
resulted from the collective electron-inertia effect), [6]. From 
Figure 4.5c, we note that the phase constant of graphene 
waveguide is tunable by shifting the Fermi level, enabling 
an adaptively tunable transmission line at sub-THz and THz 
frequencies.

The transmission line model and transfer matrix method 
can be used to evaluate the propagation characteristics of 
integrated graphene-based waveguide circuits, components, 
and systems. The characteristic impedance of the graphene 
waveguide shown in Figure 4.5 can be defined as Zc = −Ey/
Hx = β/ωε2. It is found that the phase constant and character-
istic impedance of this transmission line may be largely tuned 
from relatively high (with a low EF) to low (with a high EF). 
By combining the graphene waveguide in Figure 4.5a with 
two gates (or the structure in Figure 4.5b with a back gate), 
graphene’s Fermi energy can be controlled by the applied gate 
voltage to dynamically tune the propagation constant, phase 
velocity, and local impedance. This is arguably the most sig-
nificant advantage of graphene over conventional noble-metal 
plasmonic waveguides, providing an exciting venue to realize 
electronically programmable THz tunable transmission lines, 
which is an analog to a microwave tunable transmission line 
realized by mounting varactors, diodes, or transistors [49].

Figure 4.6 shows an integrally gated, tunable transmission 
line, based on the quasi-TEM graphene parallel-plate wave-
guide and three double gates. As an example to illustrate the 
potential of such tunable THz transmission line, the device in 
Figure 4.6 can be used as a loaded-line phase shifter designed 
for phased arrays [39], with low insertion loss, low return loss, 
and small phase error. In practical designs, the return loss is 
inherently present, due to the reflection at the mismatched 
loaded-line. The design in Figure 4.6 consists of a 3-bit phase 
shifter with 8 phase shift states: 0/45/90/135/225/270/315° [39]. 
When gate voltages are applied, the length of each loaded sec-
tion must be a multiple of a half guided wavelength, in order to 
minimize the impedance mismatch and return loss. In order to 
create impedance matching for all binary states, the ith trans-
mission line segment must satisfy the conditions: βbiasli = π/2 
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and βunbiasli − βbiasli = Δϕi, where li and Δϕi are defined as the 
gate length and relative phase shift between the unbiased and 
biased conditions for the ith section, respectively. In this sce-
nario, the total phase shift is Δϕ = Δϕ1 + Δϕ2 + Δϕ3. In order to 
satisfy these conditions, the required Fermi energy and length 
for each bit need to be properly designed. For instance, if we 
want to produce phase shifts of 45° (bit 0), 90° (bit 1), and 180° 
(bit 2), the propagation constants must satisfy the relationships 
β1 = 4/5β0, β2 = 2/3β0, and β3 = 1/2β0, and the associated length 
of each line must satisfy the condition βbiasli = π/2. Figure 4.6b 
and c shows numerical results for the magnitude of S21 and 
phase shifts of 45°, 90°, 180°, and 315°, respectively. Those 
phase angles are obtained by applying the proper voltages to 
gate G1, G2, G3, and all, respectively. It is seen that good input 
return losses are obtained, with desired relative phase shifts at 
the design frequency f0 = 1.5 THz. This graphene phase shifter 
may pave the way towards practical realization of sub-THz, 
THz, and infrared high-gain, steerable phased-array antennas 
with digital beam-forming and beam-steering functions.

The gated graphene waveguides, with tunable and strongly 
confined mode, may enable a number of chip-scale passive 
and active THz nanocircuit components, including switching, 
matching, coupling, power dividing/combining, and filtering 
devices. It can be envisioned that the integrally gated gra-
phene transmission line may serve as a practical paradigm 
and platform for sub-THz and THz nano-communication, bio-
sensors, and information processing systems on wafer, with 
real-time electro-optically tuning, phasing, and modulating 
functionalities [57–59]. The integration of several active gra-
phene-based THz nanocircuit components, including a gra-
phene nanoantenna discussed below, into a single entity will 
present a fundamental step towards design architectures and 
protocols for innovative THz communications, biomedicine, 
sensing, and actuation [57–59].

4.4  GRAPHENE-BASED THz 
PLASMONIC NANOANTENNA

A graphene nanoantenna is proposed to conduct high-speed 
data transformation with data rate up to 100 terabits per second. 
The idea of using graphene nanoantenna for THz communica-
tion was first proposed by Jornet and Akyildiz at the Georgia 
Institute of Technology [59]. The strongly confined surface 
wave on graphene sheet, with a wavelength much shorter than 
free space wavelength, may realize an ultracompact submi-
cron graphene-strip antenna, which allows the oscillation of 
surface waves and broadcast radiation in the THz near-field 
communication systems [57]. As expected, the gate-tunable 
complex phase constant and local impedance of propagat-
ing waves on graphene may enable the active graphene-patch 
antennas or traveling-wave antennas, with dynamic beam-
forming and beamsteering ability [22,41–43]. Moreover, we 
may be able to build a graphene-based THz transmit or reflect 
array by properly modulating the phase shift of transmitted 
or reflected THz waves and the spatial phase distributions. 
This is achievable with arrays of gate-tuning graphene scat-
ters. An active graphene transmit or reflect array may perform 

dynamic beamforming and beamsteering with high antenna 
directivity and narrow beamwidth.

4.5  GRAPHENE-BASED THz DEVICES 
AND METAMATERIALS

Metamaterials are artificially engineered composite mate-
rials which have electromagnetic properties that can not be 
found in nature, such as negative refractive index and mag-
netism above the THz frequency. Metamaterials usually gain 
their properties from their deep-subwavelength constituent 
inclusions designed to tailor the electric, magnetic, or both 
responses [60,61]. Plasmonic metamaterials, typically made 
of noble-metal nanostructures, further exploit surface plas-
mons to achieve optical properties not seen in nature, such 
as sub-diffraction imaging [62] and transformation optics 
devices [63]. THz plasmonic (graphene) metamaterials are 
a class of artificial electromagnetic materials that may real-
ize exotic and anomalous electromagnetic properties at THz 
frequencies, where natural materials typically have weak 
responses. Potential applications include efficient generation 
of THz waves, sub-diffraction lenses, switches, modulators 
for phase and amplitude, beam-steering devices, and sensors. 
The THz metasurfaces are 2-D planarized version of metama-
terials, composed of subwavelength inclusions over an other-
wise homogeneous host surface. In this section, we combine 
the ideal properties of graphene and its tunability to realize 
tunable metamaterials and metasurfaces, and transformation 
optics operating in the THz spectrum, which may have poten-
tial impact in a variety of applications of interest.

Here, we present a THz magnetic metamaterial or metafer-
rite as an example to illustrate the great potential of graphene 
metamaterials. The idea of microwave metaferrites is real-
ized using a high-impedance metasurface placed on top of 
a dielectric substrate backed by a conducting plane [64]. The 
electromagnetic properties of this grounded artificial slab are 
equivalent to a grounded magnetic slab, providing an inter-
esting alternative to split-ring and other magnetic resonators 
at microwaves [60]. Figure 4.7a shows a graphene magnetic 
metamaterial or metaferrite designed to realize tunable low 
or negative effective permeability at THz frequencies. This 
metaferrite is composed of a graphene nano-patch metasur-
face placed on top of a dielectric substrate and backed by a 
metallic gate. We notice that according to the semi-empir-
ical results [6], the bandgap of a graphene nanoribbon with 
width a − g > 500 nm is not open yet. Thus, the previously 
derived surface conductivity for a graphene monolayer is still 
valid. For an atomically thin graphene metasurfaces made 
of a nanostrips array (Figure 4.7a), its surface impedance 
Zsheet = Rsheet + jXsheet, ignoring the higher-order Floquet har-
monics, has a simple, yet accurate expression [46–48]
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where a and g are, respectively, the period and gap, c is the 
speed of light, η0 is the intrinsic impedance of free space, 
εavg = (εsubstrate + εhostmedium)/2 is the averaged permittivity 
of the upper and lower media, α is the incident angle, and 
fTM(α) = 1, fTE(θ) = 1 − sin2α/(2εavg) are angular correlation 
functions corresponding to TM- and TE-incident waves, 
respectively. If we assume that the incident electric field is 
y-polarized, the incident planes for TM and TE incidence, 
respectively, correspond to the x–z and y–z planes. Consider 
now a thin grounded slab with thickness t and effective per-
meability μ = μ′ − jμ″, the input impedance, looking into the 
slab interface, is

 
Z j j j k tin metaferrite, tanh .= ′ − ′′ ′ − ′′( )η µ µ µ µ0 0

 
(4.19)

By equating Equation 4.19 to the input impedance 
Zin = Rin + jXin at the graphene–dielectric interface and taking 
the quasi-static limit (i.e., tanh(x) ≈ x), the effective real and 
imaginary parts of permeability for a graphene metaferrite 
slab in the inset of Figure 4.7b can be expressed as
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We may be now able to synthesize the desired values and 
frequency dispersion of the effective permeability of such 
grounded metaferrite slab by either the period and gap of 
nanostrips (which determines the electrostatic capacitance), 
materials and thickness of the thin dielectric slab (which 
determines the magnetic inductance), or the Fermi energy 
of graphene (which varies the surface resistance and kinetic 
inductance). Figure 4.7b shows the frequency dependency 
of effective permeability, retrieved using Equation 4.19, for 

the metaferrite in Figure 4.7a under normal incidence. The 
solid and dashed lines represent the real and imaginary parts 
of effective permeability, respectively. The geometry of 
nanostrips are g = 0.5 μm and a = 4 μm, and the dielectric 
slab is made of SiO2 with thickness t = 1 μm. Here, we note 
two main features of this graphene-based THz metamaterial: 
(i) the large kinetic inductance yielded by the extreme sub-
wavelength confinement of surface plasmon along the struc-
tured graphene may help scaling the inclusion size to deep 
subwavelength; (ii) the largely tunable surface impedance 
controlled by the carrier concentration may be achieved with 
the back gate biasing. From Figure 4.7b, it is seen that the 
Lorenzian resonance and effective permeability can be tuned 
over a very broad range of values (from low or negative to 
positive). This tunable and switchable magnetic response is 
of interest for a variety of tunable THz and far-infrared mag-
netic metamaterial applications, such as the artificial mag-
netic conductor [65], ultracompact Salisbury absorbing films 
[66,67], polarizing filters [68], and selective thermal emitters 
or  perfect absorber [68,69].

Recent progress in the growth and lithographic patterning 
of large-area epitaxial graphene [33–35] presents great oppor-
tunities for the commercialization of THz and infrared meta-
materials, readily integrated with silicon-based plasmonics 
and photonics systems. Figure 4.8a shows a graphene nano-
patch metamaterial recently released by IBM Corporation 
[35]. A wafer-scale, large-area graphene metamaterial have 
been successfully fabricated and its properties have been 
characterized. Figure 4.8b shows the measured rejection ratio 
spectrum. It is seen that by changing the dimensions of fabri-
cated graphene patch and lattice constant, the resonant peak 
is tunable. Furthermore, the gate-tuning of surface plasmon 
waves on graphene ribbon has been experimentally demon-
strated using the scatter-type scanning near-field microscopy 
[24]. The measurement is based on the feedback scheme 
taken from atomic force microscopy (AFM), of which the 
nano-manipulated nanotip positioned and scanned in the 
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immediate vicinity of graphene surface. The advancement of 
nanotechnology and nanofabrication will benefit the rapidly 
expanding field of graphene metamaterials and plasmonic 
devices. The strong local field confinement and gate-tuning 
standing-wave field patterns due to the interference in a finite-
length graphene ribbon have been successfully characterized 
in Reference 24. The tunable electromagnetic response is one 
of the most exciting areas in current metamaterial research 
[70–80], since they may add a large degree of control and 
flexibility to the exotic right-/left-handed properties of meta-
materials. In this case, instead of tuning wave properties 
using nonlinear loading, such as diodes and transistors at RF 
and microwaves, or nonlinear optical materials at optical fre-
quencies, the gate-tuning of graphene plasmons may allow 
significantly larger tunability. In addition, extending these 
effects to the THz spectrum may provide new tools to push 
metamaterials in a frequency range that is more difficult to 
work in, compared to microwave or optical regimes.

Vakil and Engheta have theoretically shown that by 
designing and manipulating spatially inhomogeneous and 
nonuniform conductivity patterns across a graphene sheet 
(for instance by using a corrugated gate) [17], this material 
can be used as a flatland platform for THz and infrared trans-
formation optics devices. In Reference 17, Vakil and Engheta 
present several numerical examples demonstrating a vari-
ety of infrared modulation and transformation functions. In 
Reference 31, a Fourier optics lens, transforming a broadcast-
ing surface wave from source into a perfect planar wavefront 
on a single sheet of graphene, has been numerically studied in 
the mid-infrared region [17].

CONCLUSION

This chapter has addressed an emerging field of graphene plas-
monics, which shows great potential to merge high-frequency 
electronics and photonics in the THz and infrared regions. We 
have presented some of the most recent and most represen-
tative innovations in this area. First, we have introduced the 

electrically/magnetically tunable conductivity and plasmonic 
resonances of graphene sheets at THz and infrared frequen-
cies. We have presented the exotic light reflection, transmis-
sion, and scattering over an one-atom-thick graphene sheets in 
the THz and infrared regions. Then, we have overviewed the 
propagation of surface plasmon polaritons waves in graphene 
and graphene-based waveguides with a strong mode confine-
ment and slow-wave propagation, which are possibly con-
trolled by the electrostatic gating. In particular, we presented 
novel graphene-based THz/infrared optoelectronic devices, 
with adaptively tunable functions of phase-shifting, modu-
lation, switching, radiation, and frequency and polarization 
filtering. In this chapter, we also presented some graphene-
based metamaterials and transformation optical devices for 
future THz and infrared systems.
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5 Graphene/Polymer Nanocomposites
Crystal Structure, Mechanical 
and Thermal Properties

Fabiola Navarro-Pardo, Ana Laura Martínez-Hernández, and Carlos Velasco-Santos

ABSTRACT

A wide diversity of polymeric matrices have been studied with 
graphene as reinforcement; in this chapter we paid particular 
attention to semicrystalline polymers. The presence of a sec-
ond phase in this type of polymers has the ability to induce 
crystallization. Knowledge of the crystallization behavior is 
essential to understand the structure–property relationships 
in nanocomposites. Furthermore, the crystallinity properties 
influence the mechanical response of graphene/polymer nano-
composites. The improvements in mechanical properties are 
also ascribed to the extremely large surface area of graphene. 
The mechanical performance is significantly dependent on 
the dispersion and the interface between the graphene sheets 
and the matrix. Additionally, several investigations have 
indicated the influence of these parameters on the thermal 
properties of nanocomposites. Extensive research on differ-
ent graphene/polymer nanocomposite systems has been con-
ducted including a wide range of properties; however, thermal 
and mechanical properties related to semicrystalline polymer 

nanocomposites and their crystal structure are the main issues 
presented in this chapter.

5.1 INTRODUCTION

The one-atom-thick and two-dimensional (2D) layers of sp2-
bonded carbon atoms of graphene confer this nanomaterial 
unique properties. Measurements of a single layer of graphene 
have shown a high intrinsic mechanical strength of 130 GPa, 
Young’s modulus of 1 TPa, and a breaking strength of 42 N/m 
[1]. A 30-in. monolayer graphene film offers sheet resistances 
as low as ~125 Ω/sq with 97.4% optical transmittance [2,3]. 
Regarding thermal properties, the room temperature values 
of the thermal conductivity reach up to 5.30 × 103 W/m K [4]. 
These properties make graphene an excellent candidate as 
advanced reinforcing filler for high-strength, lightweight, and 
functional polymer nanocomposites [5–8].

There is a wide variety of techniques for synthesiz-
ing graphene; Table 5.1 shows the most used approaches by 
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different research groups. Among them, a strategy exten-
sively employed is the chemical modification of graphite 
through oxidative routes for its subsequent exfoliation to pro-
duce graphene oxide (GO) followed by the reduction method 
[12]. Graphite can also be chemically modified with organic 
solvents involving a sonication step to produce unoxidized 
and defect-free suspended graphene sheets (SGs) [9,10,12]. 
However, this method is less popular because it can only be 
employed in matrices which can be dissolved in a suspension 
[13]. A number of works and reviews describe other meth-
ods for obtaining graphene sheets [6,9,11,12]. However, the 
various types of materials described above are the most com-
monly used in polymer nanocomposites.

Addition of low loadings of these fillers into polymers has 
shown significant enhancements in mechanical properties, 
accompanied by the modification of functional properties 
such as electrical conductivity, thermal conductivity, and bar-
rier behavior [6,14,15]. The crystallinity in the host polymer 
matrix is also influenced by the addition of these nanoma-
terials [16–18]. The polymer nanocomposite properties are 
deeply related to the features of the constituent phases, disper-
sion, and to the interfacial interaction between the graphene 
basal plane and the matrix [5,19]. The latter two depend on 
physicochemical properties of the polymer and graphene, the 
nanofiller content, the nanocomposite production technique, 
and the processing conditions during fabrication [20,21].

A few research groups have shown comparative studies 
between carbon nanotubes (CNTs) and graphene-based mate-
rials [18,22–27]. The advantages found in graphene when 
compared with CNTs are the very high surface area providing 
higher adhesion with the polymer host [28], higher surface-to-
volume ratio due to the inaccessibility of the inner nanotube 
surface to polymer chains [29], and the fact that graphene can 
be produced from graphite which is more available and less 
expensive [30].

Graphene/polymer nanocomposites have potential appli-
cations mainly in automotive and aerospace fields [31–35]. 
Diverse studies have revealed they can also be used in sporting 
goods, packaging, sensors, actuators, and optical components 
for electronic devices [2,3,21,30,36,37]. Biomedical applica-
tions of graphene have also attracted intensive attention [38].

This chapter contains a brief explanation about the differ-
ent modifications of graphene fillers used for reinforcement of 
semicrystalline matrices and the methods of nanocomposite 
preparation. Special attention to the crystallization behavior 

provided by these nanofillers was made. The mechanical and 
thermal properties found in semicrystalline polymers consid-
ering the diverse parameters involved in their response are 
also discussed in detail.

5.2 POLYMER NANOCOMPOSITES

Polymeric materials with improved properties have always 
been a topic of interest for several research groups [5–8]. In 
addition, the reinforcement of polymers with materials of 
nanometric dimensions has brought extraordinary benefits in 
the final properties of nanocomposites [39,40]. There is exten-
sive research regarding the study of the effects provided by 
nanomaterials in a wide variety of polymer matrices [28–52]. 
In amorphous polymer-based nanocomposites, the polymer 
molecules can either be in the amorphous bulk matrix or con-
fined within the nanomaterials depending on the interactions 
between the matrix and them [41]. Semicrystalline polymers 
are composed of crystalline lamellae embedded into an amor-
phous phase. Lamellar crystals usually have thicknesses of the 
order of tens of nanometers, whereas the lateral dimensions 
are much larger [42]. The incorporation of a second nanomet-
ric phase as graphene allows this filler to act as a nucleus and 
it can also induce the polymer lamellae growth on its surface 
[43]. The crystallinity features also have influence on other 
properties such as mechanical response, thermal stability, and 
thermal conductivity [44,45,53].

5.2.1 modification of Graphene fiLLers

Pristine graphene is characterized for having low compat-
ibility with most polymers as well as for having strong van 
der Waals interactions among graphene sheets; these features 
make the filler dispersion not individual and homogeneous 
[46]. GO offers many advantages over pristine graphene due 
to the facility to exfoliate and disperse in polar polymer matri-
ces; Table 5.2 lists some of the polymers commonly used in 
graphene nanocomposites. Among the disadvantages of GO 
are the significant number of defects in the platelets and their 
inferior mechanical properties when compared with GNs 
[10]. In addition, GO requires surface modification to dis-
perse in nonpolar polymers. However, the variety and use of 
these polymers is limited, as it can be seen from Table 5.3. 
To achieve a better affinity between the nanocomposite com-
ponents, several methods have been developed to covalently 

TABLE 5.1
Commonly Used Methods for Obtaining Graphene Sheets

Method Characteristics References

Micromechanical cleavage of graphite 
and chemical vapor deposition

Offer the ability to obtain high-quality and defect-free graphene nanosheets (GNs) [8]

Chemical reduction of GO This is the most promising route to obtain chemically reduced GO (CRGO) due to its simplicity, 
suitability for high-volume production, and relatively low material cost

[9,10]

Thermal reduction of GO The high density of defects in thermally reduced GO (TRGO) confers this material greater 
specific surface area and higher overall heterogeneous electron transfer rates as compared with 
other forms of reduced GO

[11]
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or non-covalently functionalize the graphene sheets [53,137]. 
Among the species employed are organic molecules [138,139], 
polymers [37,54,116,124,125,140–142], and inorganic particles 
[139,141]. Polymer modification or the use of polymer blends 
has also been found to be efficient to promote and compatibil-
ize adhesion between fillers and polymers [73,74,116,117,126].

For the sake of homogenizing the diversity of the nomen-
clature employed for graphene fillers in the literature explored 
in this chapter, the terms were simplified in the follow-
ing manner: GNs for the pristine single layers or few layer 

graphene. GO, CRGO, TRGO, and SGs for the forms of gra-
phene previously described (Table 5.1). FGSs (functionalized 
graphene sheets) will be used for any type of functionalized 
graphene sheets. Some works have further attached polymers 
to graphene; therefore, the polymers employed are indicated 
in these cases, i.e. PMMA–FGs.

5.2.2 methods of nanocomposite preparation

Polymer nanocomposites can be basically obtained from 
three methods: solution mixing, in situ polymerization, and 
melt blending [5,40]. Table 5.4 shows these techniques and 
a variety of works that have used these approaches to obtain 
nanocomposites and Table 5.5 shows a variety of nanocom-
posites obtained by a combination of different methods. As 
indicated in this table, the majority of research in graphene-
based polymer nanocomposites is prepared by solution mix-
ing; this method is an ideal strategy for achieving uniform 
dispersion between both phases [140]. Good dispersion has 
also been obtained through in situ polymerization which 
furthermore enables control over the polymer architec-
ture and the structure of the composites [75]. On the other 
hand, it is highly desirable to eliminate the need for solvents. 
Consequently, alternative methods have been developed 
[22,104]. Melt compounding is a more economic technique, 
compatible with industrial processes and free of harmful or 
dangerous solvents [81,127]. In some cases, this method helps 
breaking the graphene agglomerates through the high shear 
forces created during processing [22]. There are several stud-
ies and reviews involving different approaches for preparing 
graphene-based nanocomposites indicating the pros and cons 
of them and hence are not discussed further [7,8,58].

5.3 CRYSTALLIZATION BEHAVIOR

Polymer crystallization is affected by the presence of graphene 
due to its heterogeneous nucleation effect for crystal growth. 
Crystallization induced by carbon nanofillers play a crucial 

TABLE 5.2
Examples of Polar Polymers Used in Graphene 
Nanocomposites

Polymer Abbreviation References

Ethylene-vinyl acetate copolymer EVA [24]

Chitosan – [50,54–56]

Nafion – [57]

Polyamide PA [18,22,47,58–66]

Polyaniline PANI [21,27,37,44,67,68]

Polybutylene terephthalate PBT [69]

Polybutylene succinate PBS [70]

Polycaprolactone PCL [23,38,58,71,72]

Polyethylene glycol PEG [73]

Polyethylene terephthalate PET [74,75]

Poly-3-hydroxybutyrate PHB [76]

Poly-3-hydroxybutyrate-co-4-
hydroxybutyrate

PHBV [77]

Polyimides PI [34,78,79,80]

Polylactic acid PLA [81,82]

Poly-l-lactic acid PLLA [11,17,25,73,83–89]

Poly(d, l-lactic-co-glycolic acid) PLGA [90]

Polyvinyl alcohol PVA [15,46,49,91–99]

Polyvinylidene fluoride PVDF [47,48,100–103]

Polyurethane PU [104–110]

Polyvinyl chloride PVC [111]

Thermoplastic polyester 
elastomer

TPEE [112]

TABLE 5.3
Examples of Nonpolar Polymers Used in Graphene 
Nanocomposites

Polymer Abbreviation References

Natural rubber NR [113]

Poly-3-butylthiophene P3BT [114]

Poly-3-hexylthiophene P3HT [45]

Poly-p-phenylene 
benzobisoxazole

PBO [115]

Polyethylene PE [51,116–123]

Polypropylene PP [14,16,38,52,74,89,124–133]

Polyphenylene oxide PPO [125]

Polystyrene PS [134]

PVDFa [135,136]

a Nonpolar in the α-form but polar in the β- and γ-form [136].

TABLE 5.4
Preparation Methods of Graphene/Polymer 
Nanocomposites

Method References

In situ polymerization [14,21,60,61,67,69,84,104–
107,110,143]

Solution mixing Casting [15,27,34,46–49,54–
56,78,83,85–87,91–94,96–
99,108,109,111,119,121, 
134,136,144,145]

Coagulation [11,16,25,52,58,70,76,79, 
85,88,118,129,130]

Electrospinning [18,38,66,90,137]

Melt blending Compression molding [116,124,132]

Extrusion [112,117,127]

Melt spinning [22,59]
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role in optimizing the macroscopic performance of polymers, 
such as improving the interfacial adhesion and stress transfer 
[147]. The dimensional effects of CNTs and graphene on the 
crystallization of alkane melts have been studied by molecu-
lar dynamics (MD) simulations [26]. It was found that both 
nanostructures provide the nucleation sites for the alkane mol-
ecules to become an ordered structure. Furthermore, the effect 
of the graphene layers on the chain dynamics as a function of 
chain molecular weight is also very important for the struc-
ture–property relationships. Rissanou et al. have simulated the 
effect of graphene on the mobility of polymer chains [148]. 
The mechanism of polymer crystallization has been explained 
as an adsorption step and an orientation step [149,150]. In the 
first step, the polymer chain begins to attach to the substrate 
surface. This is followed by the adsorption of more and more 
CHx groups onto graphene substrate. As the adsorption pro-
gresses, the molecular order in the adsorbed polymer chain 
gradually grows. The second step involves chain adjustments 
and the formation of the crystalline structure [150]. Yang et al. 
[149] found that the PE (polyethylene) chains adsorbed onto 
the graphene surface adopted a preferred parallel orientation 
to the graphene plane in the layer-by-layer crystallization of 
polymer. Additionally, crystallization is found to be strongly 
dependent on temperature. Figure 5.1 shows the behavior of PE 

chains upon different temperature. A PE multilayered struc-
ture develops at lower temperatures and a single-layer struc-
ture develops at higher temperatures [150]. Another factor that 
has a profound effect on polymer crystallization is the con-
finement provided by nanomaterials. Eslami et al. have used a 
simulation model that describes well the confinement of poly-
mers by graphene [150]. This research group also found that 
a minimum interphase thickness in this system is associated 
with local structural properties such as layering of individual 
superatoms and the hydrogen bonding between amide groups 
[151]. A study with PA6,6 oligomers showed that the degree of 
hydrogen-bond formation is governed by layering and geomet-
rical restrictions [152]. The hydrogen bonds weaken in highly 
confined systems but in well-formed structures at some inter-
mediate distances the hydrogen bonding can even strengthen 
in comparison with the bulk polymer [152].

Both nucleation and confinement mechanisms provide 
diverse effects in polymer crystal growth, including accel-
eration/retardation of crystallization, changes in morphology, 
and crystal structure modification in a few cases [39,41]. Xu 
et  al. [147] have done a review of the effects that graphene 
nanofillers have on polymer non-isothermal and isother-
mal crystallization. The research regarding the crystalliza-
tion of graphene nanocomposites using techniques such as 

TABLE 5.5
Graphene Nanocomposites Obtained by the Combination of Different Methods

Polymer Nanofiller Method of Preparation References

PA6 FGs In situ polymerization/melt spinning [62]

PA6 GO In situ polymerization/melt spinning [64]

PA6 FGs In situ polymerization/melt spinning [59]

PA6 FGs In situ polymerization /extrusion [63]

PANI GNs In situ polymerization/compression molding [44]

PBO TRGO In situ polymerization/dry–wet spinning [115]

PET FGs In situ-melt polymerization [75]

PI FGs In situ polymerization/casting [80]

PLLA FGs In situ polymerization/casting [17]

PVDF FGs In situ polymerization/casting [100]

PVDF FGs In situ polymerization/casting [101]

PVDF FGs In situ polymerization/casting/annealing [103]

NR FGs Coagulation/extrusion/compression molding [113]

Liquid crystalline 
polymer (LCP)

TRGO Casting/compression molding [20]

PCL GO Casting/compression molding [71]

PE FGs Casting/extrusion [123]

PE FGs Casting/compression molding [51]

PE GO Casting/extrusion [117]

PLLA GO Casting/extrusion [146]

PP TRGO Solution blending/extrusion [133]

PP/PPO FGs Coagulation/extrusion/injection molding [125]

PVA FGs Casting/compression molding [33]

PA12 FGs Extrusion/compression molding [65]

PE TRGO Extrusion/compression molding [121]

PET/PVA GNs Extrusion/injection molding [74]

PLA TRGO Extrusion/compression molding [81]

PP FGs Extrusion/compression molding [126,140]
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differential scanning calorimetry (DSC), wide-angle x-ray 
diffraction (WAXD), Fourier transform infrared spectros-
copy (FTIR), and polarized light optical microscopy (PLOM) 
is summarized in the following subthemes.

5.3.1 isothermaL crystaLLization

Polymer crystallization kinetics has been often studied by 
isothermal crystallization [83,118,146]. The isothermal data 
obtained from DSC have been commonly analyzed using the 
Avrami equation

 ( ) exp( )1− = −X Ktt
n

where Xt is the fractional crystallization at time t, K the rate 
constant, and n is the Avrami exponent [39]. The later depends 
on the nature of the nucleation and growth geometry of the crys-
tals and K involves both nucleation and growth rate parameters 
[76]. The crystallization of the composites might not result in a 
simple heterogeneous three–dimensional (3D) crystal growth 
but usually follows a complicated nucleation mechanism [84]. 
Wu et al. [82] found spherulitic growth from nuclei initiated 
at time zero, plate-like growth from nuclei continued over 
time, or a mixture of these two mechanisms. In other words, 
the high density of spherulites growing near graphene sheets 
impinge with each other forming a quasi-2D layer of spheru-
lites [118]. Avrami plots of PLLA/GO nanocomposites exhib-
ited a change in the slopes at the late stage, associated with the 
formation of new nucleus and the impingement of neighboring 
spherulites [146]. The decreased n values for the GO/PA4,6 
nanocomposites indicated that the nucleation also changed to a 
2D crystal growth mechanism [47]. Huang et al. [85] found that 
at GO contents below 4 wt% PLLA followed a 3D spherulite 
growth in a heterogeneous nucleating mode; when the nanofill-
ers loading was 4 wt% the Avrami exponent decreased to 2.2, 

suggesting a quasi-2D crystal growth behavior. In contrast, 
similar studies in PLLA and PLLA/GO nanocomposites sug-
gested that the incorporation of GO did not change the crys-
tallization mechanism [83]. Figure 5.2 illustrates the Avrami 
plots of neat PHB and its nanocomposites. The average values 
of n obtained from these plots are around 2.4 for neat PHB 
and 2.6 for PHB/TRGO nanocomposites, indicating that the 
crystallization mechanism of PHB does not change despite the 
crystallization temperature (Tc) and the TRGO loading [76]. 
A comparison between the CNT and CRGO effects on the 
dimensionality of iPP crystals showed that n was decreased 
for the CNT/iPP composites compared with the pure polymer. 
On the other hand, the large lateral areas of 2D CRGO sheets 
determined that the 2D nanofiller network was looser than the 
1D (one-dimensional) nanofiller network at the same content; 
therefore, the composites containing a relatively low CRGO 
content (e.g., 20 wt%), resulted in only a slightly decreased n 
compared with the pure polymer. A rigorous spatial confine-
ment imposed by CRGO to iPP crystallization was found at 
higher loadings (50–70 wt%) [128].

Several studies have shown the acceleration of the poly-
mer crystallization kinetics due to the incorporation of gra-
phene nanofillers [16,76,83]. Qiu et al. found that the overall 
isothermal cold crystallization rate of PLLA is increased 
with increasing GO content, indicating the nucleating effect 
of GO [83,86]. The overall isothermal melt crystallization 
rates of PHB were faster in TRGO nanocomposites than in 
neat PHB and increased at higher TRGO loading [76]. On 
the other hand, PLLA crystallization was retarded when a 
high loading of GO was incorporated as compared with the 
low loading graphene nanocomposites [25]. PLA nanocom-
posites have also exhibited retarded crystallization due to the 
incorporation of graphene fillers [17,82]. Figure 5.3 shows the 
isothermal curves of pure PLA and PLA nanocomposites; the 
crystallization half times obtained from these thermograms 
are higher in the nanocomposites than in the neat PLA. These 
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FIGURE 5.1 Final configuration of graphene-induced polymer chain isothermal crystallization at various temperatures for 2000 ps: (a) 
for T = 440 K, (b) for T = 470 K, and (c) T = 500 K. (Reprinted from Comput Theor Chem, 1002, Wang, L.-Z. and L.-L. Duan, Isothermal 
crystallization of a single polyethylene chain induced by graphene: A molecular dynamics simulation, 59–65, Copyright 2012, with permis-
sion from Elsevier.)
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results suggest complex effects of graphene on polymer crys-
tallization: a small amount of nanofiller is sufficient to provide 
nucleation sites for polymer crystallization, whereas the nano-
confinement becomes the overwhelming factor when a higher 
concentration of graphene is used [118]. This has been also 
attributed to the decreased mobility of the polymer chains due 
to the increased viscosity resulting from the incorporation of 
graphene [82].

The isothermal crystallization of graphene nanocompos-
ites has also been studied by FTIR and WAXD; these tech-
niques are highly sensitive to conformational changes and 
the packing density of molecular chains [16,25]. Xu et  al. 
[16] found that GO promoted the formation of long, ordered 
structures of PP especially at the early stage of crystallization. 
WAXD studies suggested that there is a synergistic effect of 
GO and shear flow on the isothermally crystallized PP nano-
composites [129]. A comparative study between CNTs and 
GO showed the latter provided the lowest crystallization rate 
in ethylene-vinyl acetate copolymer composites, indicating 
that graphene suppressed the polymer crystal growth more 
critically than CNT networks [24]. Li et  al. [25] explained 
that PLLA chains adsorbed on the surface of graphene sheets 
need more time to adjust their conformations than in CNTs, 
making the induction process more complex. A scheme of the 

conformational ordering was also proposed (see Figure 5.4). 
A similar behavior was found by Li and coworkers [87]. The 
crystallization of alkane melts on CNTs and on the surface of 
GNs investigated using molecular MD simulations supported 
the experimental observations by Li et  al. [26]. Chen and 
coworkers studied the behavior of high loadings (50–70 wt%) 
of CNTs and CRGO in iPP. The nucleation ability was weak-
ened at higher nanomaterial content due to the fact that the 
dense carbon nanofiller networks caused more serious con-
finement effects to iPP crystallization [128].

5.3.2 non-isothermaL crystaLLization

When the crystallization process takes place, polymer chains 
need enough kinetic energy to overcome the energy barrier 
and adjust their configurations [150]. The nucleation abil-
ity of graphene in a polymer melt has been evaluated using 
Dobreva’s method [127,130,153]. The results obtained have 
indicated that graphene acts reducing the barrier to nucle-
ation caused by the surface interfacial free energy [127]. 
Furthermore, the addition of graphene fillers usually shifts 
the Tc to higher values, suggesting their heterogeneous nucle-
ating effect [38,105,116,125,140] and increasing the graphene 
filler loading has also gradually increased the Tc [58,140]. The 
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FIGURE 5.2 Avrami plots of (a) neat PHB, (b) 0.5 wt% TRGO/PHB, and (c) 1 wt% TRGO/PHB during isothermal melt crystallization. 
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functionalization type also has an influence on the Tc; a study 
demonstrated that increasing the length of grafted chains on 
FGs restrained the movement of polymer chains resulting in 
higher Tc [59].

The incorporation of graphene in polymers can broaden 
their crystallization peaks suggesting slightly retarded crys-
tal growth when compared with the pure polymer [33,47,100]. 
This feature is shown in Figure 5.5. This behavior was 
explained by the confinement induced in the polymer by 
graphene sheets, along with a higher extent of interaction 
between the two phases [47,58]. The broadening effect has 
also been attributed to the different nucleation ability of vari-
ous polymer chains [125].

The most frequently used analysis of non-isothermal crys-
tallization data is the Ozawa equation, which is an extension 
of the Avrami equation [39]. However, this model is based on 
the assumption that crystallization occurs at a constant cool-
ing rate and the crystallization originates from a distribution 
of nuclei that grow as spherulites with constant radial growth 
rate at a given temperature [153]. Owing to the complexity 
of the crystalline structures formed in the presence of nano-
fillers this model has not provided an appropriate description 
of the non-isothermal crystallization in polymer nanocom-
posites [127]. Other works have shown the application of 
different models for describing the crystallization kinetics 
of graphene nanocomposites [60,127,153]. Chen and cowork-
ers have described the assumptions needed for applying the 
Avrami and Ozawa equations for non-isothermal crystalli-
zation of polymers. In addition, this research group showed 
that both equations failed to describe the noncrystallization 
behavior due to the omission of the effects of cooling rate and 
secondary crystallization. However, using the method devel-
oped by Mo and coworkers has been successful to describe 
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the non-isothermal crystallization behavior of other polymers 
and their nanocomposites [88,119].

Zhang and coworkers found that at low cooling rates (5, 
10, and 20 K/min), CRGO/PA6 nanocomposites have lower 
crystallization rate than pure polymer. The opposite perfor-
mance was found at 40 K/min cooling rate [60]. The lower 
crystallization rates were explained by the weakening of the 
hydrogen bonds of PA6 due to the inclusion of graphene; 
meanwhile this nanofiller acts as nuclei and accelerate the 
crystallization. This behavior has been also observed in GO/
PLLA nanocomposites [146]. The non-isothermal crystal-
lization behavior of iPP nanocomposites containing 50 wt% 
CNTs or CRGO caused the strongest nucleation ability of the 
polymer. However, CNTs acted more effectively as hetero-
geneous nucleating agents than CRGO, attributed to the 1D 
topological structure of the former filler, which caused a sim-
pler induction approach to iPP crystallization [128].

5.3.3 effects on the crystaLLinity deGree

The addition of graphene fillers can result in a change of the 
degree of crystallinity of polymers; a variety of works have 
shown modest increase in the crystallinity of graphene-based 
nanocomposites [18,47,77,101,118,135,140]. The addition of 
GO in a PA6 matrix increased the degree of crystallinity in 
comparison with that of neat PA6 but decreased with increas-
ing the filler content [143]. Das et al. [91] obtained a slight 
increase in crystallinity, from 42% to 47.5%, when adding 
0.6 wt% FGs in PVA. A study showed the presence of FGs 
increased the crystallinity of PVDF, weakening the destruc-
tive effect of polymethyl methacrylate (PMMA) chains on 
the crystallization of PVDF/PMMA nanocomposites [101]. 
The same effect was provided when PMMA-GN fibers rein-
forced a PCL matrix [23]. Some other authors have shown 

that crystallinity remains unchanged after the addition of 
graphene fillers [92,93]. PEG and GO showed to have a syn-
ergistic effect on the crystallization behavior of PLLA; GO 
functioned as a 2D-layer nucleation agent to improve the 
nucleation density and PEG functioned as a plasticizer to 
enhance the mobility of the chain segments of PLLA. This 
resulted in an increased crystallization rate and higher crys-
tallinity [73].

Nanocomposites have also exhibited decreases in the poly-
mers degree of crystallinity [14,23,38,49,51,55,67,70,94,106, 
107,154]. Partially crystalline PVA became totally amorphous 
in the presence of FGs [155]. The same behavior was obtained 
in PVA after the incorporation of 3.5 wt% of GO, suggesting 
some interaction between the polymer and graphene causes 
the detrimental effect of interactions among polymer chains 
[94]. 3D-TRGO inhibited the crystallization of PANI accord-
ing to WAXD patterns [67]. Deng et al. found that the exis-
tence of hydrogen bonding between CRGO and PVA damaged 
the hydrogen bonding among PVA chains, which caused a 
decrease in PVA crystallinity [95]. Reduced degree of crys-
tallinity ascribed to interfacial interactions between graphene 
sheets and polymer has been explained by the reduction of 
chain flexibility and the retardation of crystallization process 
even though this nanomaterial serves as heterogeneous nuclei 
[70]. Diwan et al. [154] showed a monotonous decrease in the 
crystallinity of polymer electrolyte at GNs loadings of lower 
than 0.04 wt%; however, at 0.07 wt% an increase of crystal-
linity was attributed to rolling up of graphene sheets. The 
addition of FGs in PE was found to decrease the crystallinity 
up to ~17% for an 8 wt% loading; this behavior was attrib-
uted to the formation of a random interface [51]. The in situ 
polymerization of cyclic butylene terephthalate oligomers in 
the presence of GNs showed a decrease in the crystallinity 
when compared with pure polymer, suggesting poor disper-
sion of graphene into the polymer matrix which obstructed 
crystalline ordering of the polymer segments [69]. Jeong et al. 
found that the crystallization of the soft segment of PU was 
inhibited by FGs, and this was more evident at high nanofiller 
contents [107]. Similar behavior was found by Coleman and 
coworkers [108]. On the other hand, a decrease in the endo-
thermic peak of the hard segment of waterborne PU (WPU) 
was observed as the FGs content increased [106,109]. DSC 
thermograms showed the synergistical effect of the compati-
bilizer and GO on the crystallization of PE, depending on the 
chlorine content of the former. At the same amount of GO, 
addition of amorphous PE containing 35% chlorine (CPE35) 
resulted in a further decrease in degree of crystallinity of 
polymer; this was related to the amorphous nature of CPE35 
which hindered the crystalline packing of PE chains. In the 
case of the compatibilizer containing 25% chlorine (CPE25), 
the extent of crystallinity in the nanocomposites was always 
higher than the pure polymer irrespective of the compatibil-
izer content [117].

PANI nanocomposites containing GNs showed an increase 
in the crystalline regions of polymer, unlike CNT-based 
nanocomposites which had a WAXD pattern very similar to 
that of pure polymer [27]. Electrospun nanofibers reinforced 
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with FGs exhibited superior crystallinity than the ones con-
taining functionalized CNTs (FCNTs) as the filler loading 
was increased [18]. This was attributed to better dispersion 
of graphene sheets as compared with CNTs, which induced 
more regular orders and hence an increase in the crystallinity 
[18,27].

5.3.4 crystaL modifications

The presence of nanofillers in polymers can result in different 
crystalline phases or crystal size changes at the nanometric 
or microscopic scale [18,102,135]. TRGO and GO effectively 
promoted growth of the γ-form in PA6 [61]. The addition of 
GNs in PVDF changed the polymorphism from α-phase to 
γ-phase [135]. Another work showed GO induced the forma-
tion of γ-phase when crystallizing from solution, but only 
α-phase was produced from melt crystallization in PVDF 
nanocomposites [102]. PMMA grafted GO (PMMA-g-GO) 
nucleated PVDF crystals and a gradual decrease of α-phase 
occurred with a simultaneous rise of piezoelectric β-phase 
[100]. Mohamadi and coworkers found that PMMA can pro-
mote the β-phase in PVDF but cannot stabilize it at elevated 
temperatures causing the formation of α-phase. On the other 
hand, FGs could stabilize this phase at 90°C and with increas-
ing the annealing temperature to 120°C some of the β-form 
converts to the γ-form [101]. Figure 5.6 shows the stabilization 
of the γ-phase and β-phase at high annealing temperatures 

by limitation of chain rotation [103]. In another study, the 
addition of only 0.1 wt% GO demonstrated to be enough to 
nucleate all PVDF chains into the β-phase [48]. DSC thermo-
grams suggested the stimulation of the γ-form crystal of PA6 
by FGs and this was further confirmed by WAXD [62]. The β 
and γ crystalline forms of PVDF have also been induced with 
non-covalent FGs [136]. Nguyen et  al. found that the addi-
tion of FGs to PA6 induced the α-phase in the nanocompos-
ites; the polymer originally crystallized in the γ-phase [63]. 
The formation of β-crystals in PP can be produced by several 
nucleating agents or shear-induced crystallization [131]. Xu 
et al. [129] observed that GO presented a shear amplification 
effect for nucleating β-crystals in 0.05 wt% GO/PP and 0.1 
wt% GO/PP nanocomposites. Yuan et al. [132] also obtained 
the β-form in PP by incorporating 1 wt% FGs. A number of 
studies of graphene-based composites have also shown that 
polymorphism is not affected by the addition of these fillers 
[18,68,76,83,93,130].

Furthermore, the crystalline structure of polymers in 
contact with nanomaterials depends on the intermolecular 
interactions and on the geometry of their surface; it is also 
very sensitive to the chemical structure of the confined poly-
mer and the confining nanomaterial [150,151]. A decrease in 
crystal size of PA6,6 nanocomposites was obtained from the 
incorporation of 0.1 and 0.5 wt% FGs and FCNTs when com-
pared with pure polymer [18]. At the highest loading (1 wt%) 
FCNTs showed a decrease in crystal size in the direction per-
pendicular to the (100) plane of PA6,6 and an increase in crys-
tal size in the direction perpendicular to the (010/110) plane. 
The 1 wt% FGs/PA66 nanocomposites showed a decrease in 
both directions, indicating that the FGs had a better disper-
sion than FCNTs attributed to the geometry and content of 
functional groups of nanomaterials.

PLOM is very useful for observing the morphological 
changes and density of the crystalline structures in poly-
mers. The addition of nanomaterials leads to an increased 
number of nucleation sites that act reducing the crystalline 
structures due to impingement of the spherulites with one 
another [58,88,127,130]. PLOM showed that TRGO on glass 
fiber (GF) surface largely improves the nucleation ability of 
GF for PP crystallization [89]. Wang et al. studied the mor-
phology of PLLA spherulites at different GO loadings; the 
spherulite nucleation density was enhanced with an increase 
of filler content indicating good dispersion. However, at high 
content, GO agglomerated and reduced the nucleation density 
of PLLA spherulites [86]. The density of PHB spherulites was 
also improved by TRGO [76]. PLOM micrographs of neat 
PA4,6 showed spherulites of ~40 μm in diameter and after 
the incorporation of GO these became barely observable and 
their size decreased dramatically [47].

Transmission electron microscopy (TEM) and scanning 
electron microscopy (SEM) have also been used to observe 
the different morphologies and crystalline structures of nano-
composites [47,114]. The crystalline morphology of GO/PA4,6 
nanocomposites is displayed in Figure 5.7, which shows the 
crystalline lamellae originating from the GO sheets (circled 
ones) [47].
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from Springer Science+Business Media: J Polym Res, Evaluation of 
graphene nanosheets influence on the physical properties of PVDF/
PMMA blend, 20, 2013, 46, Mohamadi, S., N. Sharifi-Sanjani and 
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5.3.5 hyBrid crystaLLine structures

Another approach to improve stress transfer from the filler 
to the polymer is the interfacial crystallization; in this route 
the filler acts as a nucleus and induces the growth of poly-
mer lamellae on its surface [43]. The mechanism of polymer 
crystallization on graphene sheets follows epitaxial growth 
[114,118,120]. The epitaxial crystallization could be due to 
a unit-cell dimensional match or crystal structure similarity 
between the crystalline filler and the polymer matrix [43]. Xu 
and coworkers found PE lamellar crystals formed nanohybrid 
“shish-kebab” structures on CNTs whereas GO sheets were 
only decorated with petal-like PE crystals. The high surface 
curvature and the perfect ordered crystal structures of CNTs 
favored the periodical growth of PE crystals on CNTs; while 
on GO the PE chains showed multiple orientations of lamellae 
due to the lattice matching and complex interactions between 
both materials [120].

Yang et al. crystallized P3BT on GO through three differ-
ent approaches, obtaining different hybrid crystalline struc-
tures [114]. Zhai and Chunder crystallized P3HT nanowires 
on CRGO for obtaining 2D supramolecular structures [45]. Li 
et al. studied the growth of PE crystals on CRGO nanosheets 
over a broad range of temperatures. As shown in Figure 5.8 
the PE lamellae with an average dimension of a few hundreds 
of nanometers are randomly distributed on the basal plane 
of CRGO [118]. GF/TRGO induced the formation of trans-
crystalline structure in PP and PLLA, indicating a new way 
to control interfacial crystallization [89]. Fan and coworkers 
reported the synthesis of PANI–GO–CNT hybrid materi-
als by oxidative polymerization of aniline to form a 3D fish 

scale-like microstructure assembled on the GO sheets and 
CNTs [68].

5.4 MECHANICAL PROPERTIES

The high levels of stiffness and strength of graphene sheets 
give the possibility of obtaining polymer nanocomposites 
with outstanding mechanical properties [1,6]. Stress transfer 
from high modulus graphene sheets to low modulus polymers 
is the fundamental issue in reinforcement; as explained ear-
lier, this feature is influenced by the interfacial adhesion and 
dispersion between both phases. There are also other param-
eters involved in the mechanical response such as graphene 
content, crystallinity, physical and chemical characteristics 
of nanofiller, and the processing techniques [6,44,156]. These 
parameters are considered in the next subsections and the 
results obtained by different research groups are displayed in 
Table 5.6 through 5.8.

5.4.1 effects of fiLLer LoadinG

Given the large surface area of graphene sheets and their 
rigidity, significant improvements in mechanical response are 
often seen at low contents [38,59,64,111,125,156]. Polyester 
nanocomposites containing only 0.05 wt% GO resulted in 
an increase of 72% in tensile strength accompanied by a 
55% enhancement in elongation at break [75]. PA6 fibers 
achieved an increase of 65% in tensile strength and 290% 
in modulus by the addition of 0.1 wt% FGs [62]. Feng et al. 
reported 0.2 wt% CRGO/PLA nanocomposites lead to a 26% 
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FIGURE 5.7 TEM images of microtomed composite films: (a) 0.5 wt% GO/PA4,6, (b) 1 wt% GO/PA4,6, and (c) 2 wt% GO/PA4,6. 
(Reprinted from Polym Test,  31(7), Chiu, F.-C. and I.-N. Huang, Phase morphology and enhanced thermal/mechanical properties of poly-
amide 46/graphene oxide nanocomposites, 953–62, Copyright 2012, with permission from Elsevier.)
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FIGURE 5.8 Bright-field TEM images of CRGO nanosheets induced PE crystallization at different conditions. (a) PE was crystallized at 
90°C for 1 h with a PE/CRGO concentration ratio of 1:2. (b–d) PE was crystallized at 100°C overnight with PE/CRGO ratio 1:1, 2:1, and 
5:1, respectively. (Reprinted with permission from Cheng, S. et al., Reduced graphene oxide-induced polyethylene crystallization in solution 
and nanocomposites. Macromolecules 45(2):993–1000. Copyright 2012 American Chemical Society.)

TABLE 5.6
Improvement of the Thermo-Mechanical Properties of Graphene-Based Nanocomposites

Nanofiller
Nanofiller 

Content (wt%) Polymer Modulus tg (°C) td (°C) References

GNs 0.5 PA12 457% Tensile – – – [22]

GNs 3 PANI – – – 245 T10% [27]

GNs 1.0 PBT – – – 27 Tmax [69]

GNs 1 PCL 65% Tensile – – – [23]

GNs 2 PVC 58% Tensile 25 – – [111]

GNs 55 PU 15% Tensile – – – [108]

CRGO 2 PBS 27% DMA (−55°C) – 16 T5% [70]

CRGO 0.5 PCL 18% DMA (25°C) – 11 T5% [11]

CRGO 0.5 PU 212% – 7 – – [97]

CRGO 2 PU 202% DMA (−75°C) – 40 T5% [110]

CRGO 0.6 PVA 107% Tensile – – – [95]

CRGO 1.8 PVA 940% Tensile – – – [96]

CRGO 3.5 PVA 16% Tensile 14 38 Tmax [94]

TRGO 5 LCP 55% DMA (25°C) – – – [20]

TRGO 0.2 PBO 178% Tensile – 21 Tmax [115]

TRGO 2 PCL 292% DMA (−75°C) – – – [72]

TRGO 3 PE 147% Tensile – – – [121]

TRGO 17.4 PP 50% Tensile 14 – – [14]

TRGO 3 PLA – – – 14 T5% [81]

TRGO 2 PLLA – – 5 38 Tmax [84]

TRGO 1 PU 95% Tensile – – – [104]

TRGO 3 PU 43% Tensile – – – [107]

TRGO 4 PU 334% Tensile – – – [109]

TRGO 5 PP 34% Tensile – 35 T5% [133]

TRGO 6 PU 10% Tensile – 30 T10% [106]
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raise in tensile strength and an 18% raise in Young’s modu-
lus [11]. The presence of 0.3 wt% GO enhanced the tensile 
strength, Young’s modulus, and energy at break of PCL by 
95%, 66%, and 416%, respectively; further increase in GO 
content improved the mechanical properties substantially 
[38]. The incorporation of 0.6 wt% FGs caused a significant 
improvement in ultimate tensile strength (35%), elongation to 

break (200%), impact energy (175%), and toughness (72%) 
of PA12; although no significant improvement in Young’s 
modulus occurred [65]. The addition of 2 wt% GO resulted 
in an increase of 137% in Young’s modulus and 92% in ten-
sile strength of PVDF nanocomposites [48]. The mechanical 
response of GO/PA6 nanocomposites also improved as the 
filler loading was increased [143].

TABLE 5.7
Improvement of the Thermo-Mechanical Properties of Functionalized Graphene Oxide-Based Nanocomposites

Nanofiller 
Content (wt%) Polymer Modulus tg (°C) td (°C) References

3 Chitosan 108% DMA (25°C) – 62 T10% [55]

0.5 Chitosan/starch (Ch/S) 929% DMA (35°C) – – – [54]

1 PA6 67% Tensile – – – [143]

3 PA4,6 71% DMA (40°C) – – – [47]

1 PA6,6 139% DMA (30°C) 6 – – [137]

6 PHBV 26% Tensile – – – [77]

1 PI 25% Tensile – – – [78]

2 PLGA 5212% DMA (37°C) 35 – – [90]

0.6 PVA 35% Tensile – – – [91]

0.7 PVA 62% Tensile – 6 Tmax [98]

3 PVA 29% Tensile – 36 Tmax [92]

2 PVDF 137% Tensile – 20 Tmax [48]

4 PU 200% Tensile – 50 Tmax [145]

TABLE 5.8
Improvement of the Mechanical Properties of Functionalized Graphene-Based Nanocomposites

Functionalizing Agent Nanofiller Content Polymer Modulus References

3-Aminopropyltriethoxy silane 0.5 wt% PLLA 200% DMA (25°C) [87]

4,4′-Diphenylmethane diisocyanate 0.1 wt% TPEE 7.5% DMA (−70°C) [112]

4,4′-Oxydianiline 2 wt% PI 9880% DMA (225°C) [80]

4-Aminobenzoic acid 2.5 wt% PA6 100% Tensile [64]

4-Aminophenethyl alcohol 3 wt% PU 842% Tensile [105]

4-Substituted benzoic acid 0.1 wt% PA6 290% Tensile [62]

Dodecyl amine 8 wt% PE 118% DMA (50°C) [51]

Dodecyltrimethoxysilane 17 wt% PP 17% Tensile [33]

Ethylendiamine 0.1 wt% PA6,6 116% DMA (30°C) [137]

Ethylendiamine 1 wt% PE 131% Tensile [122]

Keratin 0.5 wt% Ch/S 312% DMA (35°C) [54]

Maleic anhydride-g-PP 0.5 wt% PP 15% DMA (−30°C) [132]

MPP 1 wt% PVA 30% Tensile [99]

NR latex 5 phr NR 270% Tensile [113]

Octadecylamine 1 wt% PP 47% Tensile [126]

PA6 0.015 wt% PA6 139% Tensile [63]

PE 0.3 wt% PE 20% Tensile [116]

PMMA 3 wt% PVDF 91% DMA (−50°C) [100]

PMMA 30 wt% PVDF 39% Tensile [103]

Polystyrene-b-ethylene-co-butylene-b-styrene 2 wt% PS 73% Tensile [134]

PP latex 1 wt% PP 36% DMA (25°C) [140]

PVA 2 wt% PVA 231% Tensile [46]

Tetra-n-octylammonium bromide 0.1 wt% PP 70% Tensile [52]

Triethylamine 1 wt% PI 49% Tensile [79]

Triethylamine 17 wt% PCL 1193% Tensile [58]

Triphenylene 2 wt% PVA 116% Tensile [15]
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Zhao and coworkers [96] considered that there is a 
“mechanical percolation” which means that lower than 
this content, graphene can be fully exfoliated in the poly-
mer matrix and effective reinforcement can be achieved, 
while further loading than this point will cause the stacking 
of graphene sheets due to the strong van der Waals forces 
among them. Wang et  al. reported the tensile strength of 
PVA increased with increasing GO loading. However, the 
elongation at break of the GO/PVA nanocomposites reached 
a maximum at 0.5 wt% GO content, as shown in Figure 
5.9a. CRGO/PVA nanocomposites also achieved the maxi-
mum mechanical reinforcement at the same filler loading 
(see Figure 5.9b) [97]. Good dispersion at high loadings of 
graphene in nanocomposites is very difficult to accomplish. 
However, some authors have shown studies involving load-
ings higher than 2 wt% and great enhancement in mechani-
cal properties [51,74,100,105]. Nandi and coworkers showed 
the storage modulus increased a 124%, stress at break a 

157%, and Young’s modulus a 321% which is a high percent 
enhancement for an amount of 5 wt% PMMA-FGs in PVDF 
nanocomposites [100]. The addition of 8 wt% FGs provided a 
118% enhancement in the storage modulus of PE [51].

GO and FGs can provide strong interaction with polymeric 
matrices resulting from the wrinkled surface of graphene 
sheets that are capable of mechanically interlocking with 
polymer chains and also due to the hydrogen bonding formed 
between the functionalities of the graphene sheets and a polar 
matrix [138,141,157]. The reinforcing effect of FGs was found 
to be superior to those of FCNTs in terms of Young’s modu-
lus of PP nanocomposites [52]. Our investigation group also 
studied both carbon structures and the results showed a strong 
dependence in the amount of functional groups on the car-
bon surface, which provided superior reinforcement in FG 
nanocomposites and a decreasing behavior in the mechani-
cal response of the FCNT nanocomposites as the nanofiller 
loading was increased [18]. GO also showed to be a better 
reinforcement agent in a PA6,6 matrix, when compared with 
OCNTs [137].

5.4.1.1 Models
Graphene/polymer nanocomposite moduli have been pre-
dicted by a variety of models [6,31,34,113,121,144,158]. The 
Halpin–Tsai model is the most common method used in the 
literature [46,70,78,85,95,96,140]. This model is based on the 
assumptions of the perfect stress transfer between the fill-
ers and matrix as well as the perfect 2D plane structure of 
graphene sheets [81]. Most experimental results have shown 
agreement with the random distribution of graphene in this 
model [15,46,64,70,78,96]. Nevertheless, there are few reports 
showing agreement with the aligned distribution of graphene 
sheets in the polymer matrix. Song et al. found that at low load-
ings of PP latex-g-CRGO the experimental modulus agrees 
well with the theoretical simulation of aligned graphene sheets 
parallel to the surface of the nanocomposite. However, with 
further filler loading, Young’s modulus gradually approaches 
the theoretical simulation for the random distribution of gra-
phene sheets [140]. A similar behavior was found by Ha and 
coworkers in GO/PI nanocomposites [78]. The experimental 
data of GO/PVA composites was in good agreement with the 
theoretical results of parallel alignment of graphene sheets to 
the surface of the nanocomposite film [98]. Li et al. also found 
a good consistency between the experimental results and the 
theoretical simulation for the 2D-aligned parallel distribution 
of FGs/PI nanocomposites, as seen in Figure 5.10 [79].

Computational simulations have also been made for study-
ing the mechanical behavior between CNTs or graphene with 
polymers [158,159]. MD simulations performed on the gra-
phene–polymer interface system indicated that mechanical 
interactions between graphene and polymer chains are stron-
ger than those among the polymer chains [159].

5.4.2 infLuence of crystaLLinity properties

The values of the critical strain are affected by the polymer 
chain microstructure, whereas the corresponding values of 

(a)

50

60

40

30

20

10

0
0 50 100 150

Strain (%)

Te
ns

ile
 st

re
ss

 (M
Pa

)

200 250 300

4 wt%
3.5 wt%
3 wt%

2 wt%

1 wt%
0.5 wt%
0 wt%

1.5 wt%

2.5 wt%

(b)

50

70

60

40

30

20

10

0

0 30 9060 120
Strain (%)

Te
ns

ile
 st

re
ss

 (M
Pa

)

150 180 210 240

t3 wt%

2 wt%

1 wt%
0.5 wt%
0 wt%

1.5 wt%

2.5 wt%
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the stress depend on the degree of crystallinity, the amount of 
structural disorder present in the crystals, and on the relative 
stability of the crystalline forms [42]. In addition, a polymer–
crystalline interface could lead to a stronger response to the 
strain of nanofillers and better stress transfer than the polymer 
in the amorphous state [71]. The increase in toughness of PA12 
was attributed to higher levels of γ-phase caused by the incor-
poration of FGs [65]. The addition of 0.6 wt% FGs in PVA 
exhibited an increase in the elastic modulus attributed not only 
to the surface area and surface roughness of graphene but also 
to the slight increase in crystallinity of nanocomposites [91]. 
PA6,6 nanofibers showed a tendency of increased crystallinity 
and storage modulus as the content of FGs increased [18,137]. 
Mohamadi et al. [103] found that PMMA-FGs enhanced the 
crystallite density of polymer which also acted as reinforcing 
units resulting in an enhancement of the elastic modulus in 
PVDF/PMMA nanocomposites. Cai and Song [71] obtained 
a polymer crystalline layer that improved the stress transfer 
in SGs/PCL nanocomposites. Park and coworkers found that 
the substantial increase in modulus was consistent with the 
increase in crystallinity of PHBV nanocomposites reinforced 
with CRGO [77].

On the other hand, a decrease in the crystallinity of poly-
mers has also affected the mechanical response. FGs inhibited 
the hard segment crystallinity of WPU resulting in a reduced 
tensile modulus of the polymer at room temperature [106]. 
Comparable results were found in FGs/WPU obtained by in 
situ polymerization [109]. Jeong and coworkers found a mod-
ulus decrease in PU nanocomposites caused by the reduced 
soft segment crystallinity which overshadows the reinforcing 

effect of FGs [107]. Fabbri et al. [69] obtained a decrease in 
the mechanical properties of the PBT nanocomposite contain-
ing 1 wt% GNs when compared with neat polymer; this was 
attributed to the lower molecular weight and lower degree of 
crystallinity present in the nanocomposite [69]. The mechani-
cal properties in GO/CPE35/PE nanocomposites were lower 
than GO/CPE25/PE composites due to the amorphous nature 
of CPE35 compatibilizer [117]. Annealing treatment pro-
duced an unfavorable reorganized crystalline structure of 
Nafion, resulting in a decrease of the modulus; addition of 
GO improved effectively the mechanical properties of the 
nanocomposites [57].

5.4.3  other factors infLuencinG 
mechanicaL response

NR reinforced by NR latex-TRGO showed a larger rein-
forcement effect than that of TRGO due to a more uniform 
dispersion of the graphene sheets coupled with a larger 
accessible interfacial surface area [113]. Another study in an 
LCP also found that the mechanical properties are depen-
dent on the TRGO particle size, with the larger particles 
causing higher storage modulus than the small-sized ones 
[20]. Young’s modulus of PU nanocomposites decreased 
considerably as the size of SGs was reduced while the 
ultimate tensile strength and strain at break were slightly 
enhanced at the same conditions [108]. The tensile strength, 
tensile modulus, and ultimate strain of PVA nanocompos-
ites suggested these properties are only slightly affected by 
the thickness of GO [92].

Huang et al. reported that the addition of melamine poly-
phosphate (MPP) to PVA resulted in the deterioration of 
mechanical response. However, after adding PVA-CRGO into 
MPP/PVA systems, the mechanical properties were improved 
to some extent [99]. The mechanical properties of GO/PI 
nanocomposites were enhanced with the use of Mg2+ as a 
cross-linker [78]. PP latex-g-CRGO was incorporated into 
a PP matrix in order to overcome the stacking of graphene 
sheets during melt blending and increase the mechanical prop-
erties; nevertheless, higher levels of nanofillers content lead to 
a slight reduction in the storage and Young’s moduli due to the 
plasticization effect of low molecular weight PP latex over-
whelming the reinforcement effect of graphene sheets [140]. 
Young’s modulus, yielding strength, and tensile strength of PE 
were improved by the incorporation of PE-g-GO at very low 
loadings [116]. The chain length of alkylamine-g-GO also had 
a dependence on Young’s modulus of PP nanocomposites, and 
longer alkylamine chains had a more pronounced increase in 
this property [126]. Chitosan/starch (Ch/S) nanocomposites 
showed the different effects provided by the addition of GO 
and keratin-g-GO [54]. Figure 5.11 shows a dramatic enhance-
ment of the GO nanocomposites (Ch/S/GO) compared with 
the keratin-g-GO (Ch/S/GKGO) and neat polymer (Ch/S). 
The reinforcement provided by TRGO in PU was found to 
depend strongly on the polymer hard segment content which 
was attributed to the skeleton-like superstructures observed 
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FIGURE 5.10 Young’s modulus of the experimental and Halpin–
Tsai theoretical model. Two hypotheses were proposed as follows: 
3D-random and 2D-aligned parallel distributions of chemically 
modified graphene (CMG) in the PI matrix, respectively. (Reprinted 
with permission from Huang, T., R. Lu, C. Su et  al., Chemically 
modified graphene/polyimide composite films based on utilization 
of covalent bonding and oriented distribution. ACS Appl Mater 
Interfaces 4(5):2699–708. Copyright 2012 American Chemical 
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only at high content of hard segments [104]. Kim et al. [122] 
obtained a promising hybrid via the simultaneous reduction, 
functionalization, and stitching of GO and –COCl activated 
MWCNTs using ethylenediamine as a cross-linking agent 
which effectively reinforced PE.

CRGO/PCL nanocomposites prepared by the solution mix-
ing method exhibited improved tensile strength while covalently 
linked nanocomposites showed more significant enhancements 
in the tensile strength and elongation at break [58]. Xu et al. 
[92] showed that PVA/GO nanocomposites obtained by vacuum 
filtration displayed better tensile yield strength and Young’s 
modulus values than those obtained by casting. Solvent blend-
ing was found to be a better method for dispersing TRGO in 
PE than melt compounding and the tensile modulus was further 
increased when PE was functionalized with amine, nitrile, and 
isocyanate groups [121]. Cryomilled GNs/chitosan nanocom-
posites exhibited significant improvements in tensile properties 
compared with raw GNs/chitosan nanocomposites [56]. Yan 
and coworkers found that chitosan/GO films in the wet state 
exhibited a higher increase in tensile strength at break than the 
composites tested in the dry state [55].

5.5 THERMAL PROPERTIES

The thermal properties achieved in polymers by graphene 
incorporation dominate the macroscopic properties of nano-
composites. Therefore, their study is important in order to 
control the desired properties depending on their potential 
application. The most common thermal properties studied in 
graphene nanocomposites are the glass transition tempera-
ture, thermal stability, and thermal conductivity; their behav-
iors are explained in the following subsections. Tables 5.6, 5.7, 
and 5.9 also contain the obtained results for thermal proper-
ties of graphene-based nanocomposites.

5.5.1 GLass transition temperature

The glass transition temperature (Tg) of nanocomposites 
is dependent on the free volume and mobility of the chain 
segments of polymers. The most common techniques for 
determining Tg are DSC and dynamical mechanical analysis 
(DMA). In DMA, Tg can be evaluated using the loss modulus 
data or the tan δ plot. The former is related to the dissipation 
of energy as heat and the latter is related to the reduction of 
vibration of the material, that is, damping [100]. When gra-
phene acts as a barrier for heat flow there is no significant dis-
sipation of heat which causes a very small decrease of Tg; on 
the other hand, the enhanced stiffness of graphene composites 
causes a very large damping variation and hence Tg increases 
significantly when this temperature is obtained from the tan δ 
plot [100,157].

Some studies have reported that the addition of graphene 
fillers resulted in a remarkable enhancement of the polymer 
Tg [49,79,90,94,155]. This property increased from 63.6°C for 
pure PVA to 72.2°C in a 0.72 vol% GO/PVA nanocomposite 
[49]. Li et al. obtained an enhancement of 14°C in 1 wt% FGs/
PI nanocomposites [79]. PLGA nanofiber containing 2 wt% 
GO showed a significant enhancement on the Tg (66.7°C), as 
compared with neat PLGA (32°C) [90]. The incorporation of 
CRGO in PVA increased gradually the Tg from 76°C for pure 
polymer to 90°C at a nanofiller content of 3.5 wt% [94]. Li and 
coworkers found this property was shifted toward higher tem-
peratures with increasing volume fraction of CRGO and this 
was accompanied by a higher degree of crystallization in PVA 
nanocomposites [160]. The Tg of PVA-g-GO nanocomposites 
was further increased as compared with the GO nanocompos-
ites, as shown in Figure 5.12. The good miscibility and the 
strong interfacial adhesion between the PVA-g-GO and the 
PVA matrix allowed the GO sheets to be dispersed individu-
ally and homogeneously, which could reduce the mobility of 
polymer chains in a higher degree [46]. Many other studies 
have shown enhancements in this property as graphene filler 
loading increased [46,49,90,94,98,100,160].
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TABLE 5.9
Improvement of the Thermal Properties of 
Functionalized Graphene-Based Nanocomposites

Content (wt%) Polymer tg (°C) td (°C) References

0.1 PA6 – 5 Tmax [62]

1 PE – 28 T5% [122]

8 PE – 47 T50% [51]

0.5 PLLA 12 – – [87]

0.5 PP – 75 Tmax [132]

1.5 PP/PPO – 25 T20% [125]

2 PS – 26 T10% [134]

3 PU – 39 Tmax [105]

1 PVA 7 8 Tmax [99]

3 PVDF 20 20 Tmax [100]

0.1 TPEE – 17 T10% [112]
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Other works have indicated that there are no significant 
changes in this property due to the inclusion of graphene 
nanofillers [23,51,56,83,93,144]. The Tg of PCL loaded with 
PMMA electrospun fibers containing CNTs or GNs was not 
affected [23]. The reinforcement effect caused by PVA-CRGO 
was weakened by the addition of MPP in PVA nanocompos-
ites as shown in Tg results [99]. Appel and coworkers [104] 
studied the effect of TRGO, CNTs, and carbon black (CB) in 
PU. The results have shown that there is no influence on the 
Tg upon incorporation of the fillers; this was attributed to the 
weak interaction between carbon nanofillers and the PU soft 
segment. The decrease in the Tg of PU nanocomposites as the 
FGs content was increased was attributed to the reduced crys-
tallinity of PU soft segment [107]. Reductions in this property 
were also attributed to aggregation and heterogeneous disper-
sion of graphene fillers [78,107].

5.5.2 thermaL staBiLity

The low thermal stability of polymers limits their uses in high-
temperature applications. Enhancements in thermal stability 
can be achieved by the homogeneous dispersion of graphene 
fillers in the polymer matrix which disturb the diffusion of 
small molecules by creating a “tortuous path” that retards the 
progress of the gas molecules through the matrix [19,161]. 
Moreover, graphene sheets can act as barriers in polymer 
matrices delay the permeation of oxygen and the escape of 
volatile degradation products [134]. Thermogravimetric anal-
ysis (TGA) allows the evaluation of nanocomposite thermal 
stability and three parameters have been used to evaluate the 
degradation behavior: (1) the onset temperature, considered as 
the temperature at which the system starts to degrade, (2) the 
degradation temperature (Td), measured as the temperature 
at which the maximum degradation rate occurs, and (3) the 
degradation rate, evaluated in the derivative weight loss as a 
function of temperature curve [8].

Low loadings of graphene fillers have provided modest 
enhancements in thermal stability of nanocomposites when 
tested under nitrogen [11,98]. Zhang et al. [61] reported that the 
onset and maximum decomposition temperatures of TRGO 
and GO nanocomposites at loadings lower than 2 wt% are 
similar to those of neat PA6. The onset temperature of degra-
dation of 0.7 wt% GO nanocomposite was about 3°C higher 
than that of neat PVA [98]. Thermal stability of cross-linked 
PE (XLPE) containing GO or FGs was increased slightly at 
loadings in the range of 0.5–3 wt%; the FGs provided a higher 
stability effect on the XLPE when compared with the GO 
[123]. The thermal degradation temperature at 5% weight loss 
of 0.2 wt% CRGO/PLA nanocomposites increased by ~10°C 
[11]. The thermal degradation temperature at 10% weight 
loss of PBO composite fibers containing 2 wt% TRGO was 
increased by 20°C when compared with pure polymer [115].

PMMA-FGs/PVDF nanocomposites showed increased 
degradation temperatures as the loading of graphene was 
increased [100]. The thermal stability of PS nanocompos-
ites also exhibited a gradually enhancing tendency with an 
increase in content of FGs [134]. PU nanocomposites contain-
ing 3 wt% FGs achieved an enhancement of 30°C at a 50% 
weight loss when compared with pure polymer [105]. A lower 
amount of CRGO (2 wt%) provided a 40°C increase in ther-
mal stabilization of PU at 5% weight loss [110]. Another work 
showed dramatic results in this property with an increase of 
65°C in the thermal stability of PVDF at 2 wt% GO loading 
[48]. TRGO retarded thermal degradation of PLA nanocom-
posites, increasing in 14 K the temperature at 5% weight loss 
when adding 3 wt% of this nanofiller [81]. The degradation 
temperature of 3 wt% GO/PVA nanocomposites was 36°C 
higher than that of pure PVA. Furthermore, the decomposi-
tion rate of the nanocomposite was significantly slower than 
that of the neat polymer [92].

The onset temperature of PLLA was increased from 173°C 
to 211°C by the incorporation of 2 wt% TRGO; however, the 
well-dispersed TRGO in the PLLA matrix improved the ther-
mal conductivity which in turn increased the thermal decom-
position rate of the polymer [84]. A similar behavior was 
found in WPU nanocomposites, where the initial weight loss 
was accelerated in the presence of FGs [109]. PBS nanocom-
posites containing 2 wt% CRGO were found to have faster 
thermal degradation rate; this was also attributed to the good 
heat conductivity of CRGO [70].

The combination of PVA-CRGO and MPP improved the 
decomposition of PVA composites. In contrast, the effect 
provided by only PVA-CRGO was more favorable than when 
adding MPP, indicating this flame retardant decreased the 
thermal stability of the composites [99]. CNT/PANI and 
GNs/PANI films showed higher decomposition temperatures 
than neat polymer; graphene-based nanocomposites displayed 
the best thermal stability, as shown in Figure 5.13 [27]. Jin 
and coworkers showed the differences provided by FCNTs 
and FGs in the thermal degradation behavior of PP nano-
composites. Nanocomposites containing 0.5 wt% FCNTs 
showed a 16°C increase in this property compared with that 
of pure polymer. On the other hand, the 0.5 wt% FGs/PP 
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FIGURE 5.12 DSC thermograms showing the Tg at a heating 
rate of 10°C/min for (a) PVA, (b) 1 wt% GO/PVA, and (c) 1.4 wt% 
PVA-g-GO/PVA nanocomposites. (Reprinted with permission from 
Cheng, H.K.F. et al., Poly(vinyl alcohol) nanocomposites filled 
with poly(vinyl alcohol)-grafted graphene oxide. ACS Appl Mater 
Interfaces 4(5):2387–94. Copyright 2012 American Chemical 
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nanocomposites exhibited an increase of 24°C in the thermal 
degradation temperature; this was attributed to stronger inter-
facial adhesion by the larger number of functional groups in 
FGs [52]. Yuan and coworkers [132] obtained nanocompos-
ites with significantly improved thermal stability, enhancing 
by 133°C the initial decomposition temperature and by 94°C 
the temperature at maximum rate of weight loss (Tmax) in the 
nanocomposites containing 1 wt% FGs.

The values previously summarized were obtained under 
nitrogen atmosphere. A review has shown a variety of behaviors 
in the thermal stability of nanocomposites [162]. The presence 
or absence of oxygen in the atmosphere in which degrada-
tion is carried out has been an important factor for determin-
ing whether the fillers have an advantageous influence on the 
polymer [161,162]. Only a few works have shown the thermal 
degradation of graphene nanocomposites in an air atmosphere 
[51,112,140,145]. The incorporation of graphene improved 
significantly the thermal oxidative stability of PP showing an 
enhancement of 26°C in the initial degradation temperature 
when adding 1 wt% of PP latex-CRGO [140]. PE nanocompos-
ites containing 8 wt% FGs displayed an increase of 47°C and 
21°C at a 50% and 80% weight loss, respectively [51].

5.5.3 thermaL conductivity

The excellent thermal conduction property of graphene shows 
potential for thermal management in polymer nanocompos-
ites [4]. In materials with higher thermal conductivity, heat 
is distributed through the material and temperature increase 
at the surface is decelerated [133]. Nevertheless, thermal 

conductivity studies of graphene/polymer nanocomposites 
are limited; this could be because the improvements in this 
property are not as outstanding as the exponential increase in 
electrical conductivity [8,156]. In addition, most research has 
been mainly focused on amorphous matrices as summarized 
by several reviews [138,141,156,163].

The thermal conductivity of GNs/PANI nanocompos-
ites showed relatively low values even with high GNs content 
(30 wt%) [44]. According to research conducted by Ruoff et al., 
CB provided larger improvement in thermal conductivity than 
TRGO; the greater modulus and aspect ratio of TRGO platelets 
compared with CB provided higher reinforcement at the cost of 
a relatively smaller increase of thermal conductivity in the NR 
nanocomposites [113]. The poor response in this property after 
the incorporation of these nanofillers can be ascribed to defects 
and residual functional groups in the structure of graphene 
which is a key problem limiting its intrinsic thermal conductiv-
ity and interfacial thermal resistance [156]. In contrast, PP latex-
g-CRGO significantly enhanced the thermal conductivity of PP, 
and this property monotonously increased with increasing the 
nanofiller loading; a content of 5 wt% PP latex-g-CRGO resulted 
in a thermal conductivity of 0.396 W/mK, about two times than 
that of neat PP (0.201 W/mK) [140]. Furthermore, based on the 
theoretical and experimental results, graphene nanofillers can 
improve this property more effectively than CNTs [156].

5.6 CONCLUDING REMARKS

Graphene/polymer nanocomposites are one of the most prom-
ising applications of this 2D nanomaterial. Owing to the vast 
research concerning these nanocomposites, this chapter has 
been particularly focused on the semicrystalline polymer 
matrices. Furthermore, most industrial polymers exhibit crys-
tallization and the inclusion of nanofillers affect the structural 
features of these matrices. Owing to the nanometric nature 
of graphene, the nanocomposite crystallization behavior is 
mainly driven by two factors: (1) a small content of these 
nanofillers provides a high density of nucleation sites for poly-
mer crystallization but (2) the nanoconfinement provided by 
the homogenously dispersed graphene sheets can hinder the 
ordering of polymer chains especially at high nanofiller load-
ing. In this context, both competing mechanisms explain the 
reason that most studies have shown the crystallinity degree 
in graphene nanocomposites remains very similar to that of 
pure polymer. On the other hand, several investigations have 
found modifications in the crystalline phases and crystal 
dimensions of polymers due to the incorporation of graphene. 
These changes have been sometimes related to an improved 
mechanical response of the nanocomposites. The reduced 
size of the microscopic crystalline domains obtained from the 
well-dispersed graphene nanosheets in the matrix also has an 
influence on the nanocomposite properties. Another approach 
to improve the polymer properties has been made by means of 
the epitaxial crystallization of polymers on graphene sheets. 
The hybrid crystalline structures obtained can be assembled 
in nanocomposites and can provide a better interfacial inter-
action between these structures and the matrix. There is a 
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variety of research concerning the effects of graphene on the 
crystallization behavior of polymers; however, there are still 
many questions regarding the relationship between the crystal 
structure and the mechanical and thermal properties. Most of 
the research on these properties has been addressed on the 
effect provided by the physical and chemical modifications of 
graphene and the nanofiller content. The reason of the interest 
in studying these parameters is because these properties are 
strongly dependent on the dispersion and interaction of gra-
phene sheets within the polymer matrix. Therefore, there are 
still many challenges for explaining the structure–property 
relationships of graphene/polymer nanocomposites in order 
to achieve the highest performance provided by both phases.
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6 Graphene-Like Structures as 
Cages for Doxorubicin

Iva Blazkova, Pavel Kopel, Marketa Vaculovicova, Vojtech Adam, and Rene Kizek

ABSTRACT

Carbon nanomaterials including graphene belong to the most 
intensively explored in materials science. Extraordinary phys-
icochemical and structural properties, and biocompatibility 
of graphene and graphene oxide predestine them for many 
potential applications including photocatalysis, electrochem-
istry, electronics, and optoelectronics. Moreover, the two-
dimensional (2D) layer of sp2-bonded carbon atoms and the 
high specific surface area are very promising platforms for 
biomedical applications. In this chapter, we describe recent 
results on employing graphene and its oxide in the diagnosis 
and treatment of tumor diseases. Various drug delivery sys-
tems are discussed. Moreover, we give a brief discussion on 
the challenges and perspectives of these materials for future 
progress in the field of biomedical applications.

6.1 INTRODUCTION

Nanotechnology belongs to the most developing branch 
of science in the first decade of the twenty-first century. 
Nanomaterials are interesting because they have specific 
physicochemical properties and can be applied in many 
fields of science, electronics, optics, and medicine (Wang 
et al. 2009; Zhang, Nayak et al. 2012). The most used materi-
als in medicine are quantum dots (Cai et al. 2007; Pollinger 
et al. 2014), paramagnetic nanoparticles (Thorek et al. 2006; 
Gong et al. 2009), liposomes (Burger et al. 2002; Lim et al. 
2014), microspheres (Haase et  al. 2013), polymeric shells 
(Maeda et al. 2001; Hirsch et al. 2006; Sciallero et al. 2013), 
and carbon nanotubes (Lacerda et  al. 2006; Pumera 2009; 
Villegas et al. 2014). Some of the nanomaterials are applied as 

transporters where cargo can be loaded by different kinds of 
mechanisms, such as encapsulation, surface absorption, and 
hydrogen bonding. Loading capacity can be improved by very 
strong π-stacking interactions as it was found in the binding 
of aromatic drug molecules to carbon nanotubes (Liu et  al. 
2007). A variety of carbon-based nanomaterials with poten-
tial of transporting properties are summarized in Figure 6.1.

Graphene (GFN), as well as its derivatives graphene oxide 
(GO), and reduced graphene oxide (rGO) are formed by 2D 
structure of sp2-hybridized carbon atoms arranged in six-
membered rings with a high specific surface area (2630 m2/g). 
Physicochemical and structural properties of GFN, namely 
conductivity, high elasticity, mechanical strength, large sur-
face area, and rapid heterogeneous electron transfer, make the 
material very interesting for many applications (Novoselov 
et al. 2004; Wei and Qu 2012; Kong and Huang 2014; Li et al. 
2014). There are many papers and studies describing the use 
of GFN for widespread biomedical applications, ranging from 
biosensors (Shao et  al. 2010; Huang et  al. 2011; Song et  al. 
2011; Pandey et al. 2014), drug and gene delivery (Liu et al. 
2008; Feng and Liu 2011; Liu et al. 2011; Misra et al. 2012; 
Zhou and Liang 2014), cell imaging, biological sensing and 
imaging (Yang et  al. 2010; Zhang, Lu et  al. 2012; Zhang, 
Nayak et al. 2012; Mao and Li 2013; Mosaiab et al. 2013; Liu, 
Gao et al. 2014; Zhang et al. 2014) to biocompatible scaffolds 
for cell culture. The intensive research on the bioapplications 
of GFN and its derivatives is due to many fascinating proper-
ties, such as high specific surface area, electronic and thermal 
conductivities, biocompatibility, facile biological/chemical 
functionalization, and low cost and scalable production (Guo 
and Dong 2011; Jiang 2011). It was a study of Dai et al. (Liu 
et al. 2008) in 2008 that started an interest in GO to be used as 
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an efficient nanotransporter for drug delivery. GO, prepared 
by oxidation of graphite by Hummers’ method (Hummers and 
Offeman 1958), is an ideal nanotransporter for efficient drug 
and gene delivery. GO used for drug delivery is usually com-
posed of 1–3 layers (1–2 nm thick), with size ranging from a 
few nanometers to several hundred nanometers (Kovtyukhova 
et al. 1999; Sun et al. 2008; Loh et al. 2010; Shen et al. 2012). 
Moreover, the presence of reactive COOH and OH groups 
enables the formation of composite materials with polymers 
(Shan et al. 2009; Cha et al. 2014), biomolecules as DNA (Lei 
et al. 2011; Liu et al. 2013), protein (Zhang et al. 2010; Lee 
et al. 2011; Tan et al. 2013), quantum dots (Dong et al. 2010; 
Markad et  al. 2013), and iron oxide nanoparticles (Li et  al. 
2011; Mendes et al. 2012).

6.2  GRAPHENE AND ITS OXIDE FOR 
TUMOR DISEASE DIAGNOSTICS

GFN and GO are increasingly important nanomaterials, 
which exhibit great promise in the area of bionanotechnology 
and nanobiomedicine, such as biological imaging, molecular 
imaging, drug and gene delivery, and cancer therapy (Kim 
et al. 2011; Ku and Park 2013; Li and Yang 2013; Zhang, Peng 
et al. 2013) (Figure 6.2). However, exploration of GFN with 

intracellular monitoring and in situ molecular probing is still 
at an early stage. Thus, graphene appears to be an auspicious 
nanoparticle in medicine and may bring novel opportunities 
for future disease diagnosis and treatment (Wang et al. 2010; 
Feng and Liu 2011; Yue et al. 2013). GFN and GO can inhibit 
the migration and invasion of cancer cells (Zhou et al. 2014). 
The different inorganic nanoparticles can be attached to the 
surface of GFN, obtaining functional graphene-based nano-
composites with good optical and magnetic properties useful 
for multimodal imaging and imaging-guided cancer therapy. 
GFN materials are used as carriers for antibody, DNA, pro-
tein, and drug (Du et al. 2012).

6.2.1 BiosensinG of tumor ceLLs

Molecular biosensing systems can be based on naturally 
available and artificially designed enzymes, binding proteins, 
and antibodies (Cissell et al. 2008). GFN is a great material 
for biosensing and biological imaging (Du et  al. 2012) and 
is a promising material for ultrasensitive nanomaterial-based 
biosensors. Manipulable multifunctionalized surface chemis-
try allows realizing sensitive and selective detection of bio-
molecules (Li and Yang 2013). As fast cancer diagnosis and 
effective measurement of cancer cells is a main challenge in 
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early cancer diagnosis, miniature multiplex chip was created 
for in situ detection of cancer cells by implementing a novel 
GO-based Förster resonance energy transfer (FRET) biosen-
sor strategy (Cao et al. 2012).

GFN can be also used in single-molecule label-free bio-
sensing technologies (Kravets et  al. 2013). Highly sensitive 
and label-free detection of the biomarker carbohydrate anti-
gen 15-3 (CA 15-3) is prospect for breast cancer diagnosis and 
is an electrochemical immunosensor with a highly conduc-
tive GFN (i.e., N-doped graphene sheets)-modified electrode, 
exhibiting considerably increased electron transfer and high 
sensitivity toward CA 15-3. This strategy is promising for 
clinical research and diagnostic applications (Li et al. 2013). 
An electrochemical immunosensor for sensitive detection of 
cancer biomarker alpha-fetoprotein (AFP) was also seen. The 
sensor was based on a graphene sheet platform and function-
alized carbon nanospheres (CNSs) labeled with horseradish 
peroxidase-secondary antibodies (HRP-Ab2). The developed 
immunosensor showed a 7-fold increase in detection signal in 
comparison to the immunosensor without GFN modification 
and CNSs labeling (Du et al. 2010).

The GO might be a promising material for targeted drug 
delivery to the lungs. Compared with other carbon nano-
materials, GO had long blood circulation time (halftime 
5.3 ± 1.2 h), and GO showed good biocompatibility with red 
blood cells and was predominantly deposited in the lungs. 
Low uptake of GO was observed in the reticuloendothelial 
system (Zhang et al. 2011) and it was found that nanoparticle 
vectors can penetrate endothelial barriers to reach tumor sites 
(Portney and Ozkan 2006).

The novel highly sensitive multiplex electrochemilumi-
nescence (ECL) immunoassay for the simultaneous detection 
of AFP (marker for hepatocellular and germ cell carcinoma) 
and CEA (carcinoembryonic antigen) was developed using 
QDs (quantum dots) as trace tag and GFN as a conducting 
bridge. This immunosensor is great for simultaneous detec-
tion of AFP and CEA with wide linear ranges, low detection 
limits, good specificity, and acceptable accuracy (Guo et al. 
2013). Moreover, novel graphene oxide sheets/polyaniline/
CdSe (GO/PANI/CdSe) quantum dot nanocomposites were 
prepared and used for sensitive ECL biosensing (Hu et  al. 
2013). The graphene-based cathodic electrogenerated chemi-
luminescence immunosensor was demonstrated to determine 
PSA (prostate-specific antigen) in human serum samples (Xu 
et al. 2011). As an alternative, the modification of the immu-
nosensor surface led to acceleration of electron transfer and 
high specificity and sensitivity was demonstrated (Wu et al. 
2013). The described immunosensor was prepared by cova-
lent immobilization of antibodies on a chitosan/electrochemi-
cally rGO film-modified glassy carbon electrode. Cells were 
captured with a sandwich-type immunoreaction and various 
QD-coated silica nanoparticle tracers were captured on the 
surface of the cells.

It is necessary to pay the attention to the toxicity of the 
GO as soon as it is used for biomedical applications (Zhang 
et al. 2011). The cytotoxicity characteristics, cellular-uptake 
mechanism, and intracellular metabolic pathway of GFN and 
its derivatives are still not well understood (Du et  al. 2012; 
Pumera 2012; Horvath et al. 2013). It was observed that after 
the exposure of the mice to GO (10 mg/kg body weight) for 
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14 days, changes including inflammation, cell infiltration, 
pulmonary edema, and granuloma formation were found. 
No pathological changes were observed in the examined 
organs when mice were exposed to 1 mg/kg body weight 
of GO for 14 days (Zhang et al. 2011). When 80 mg/kg was 
injected intravenously into mice, there was 100% fatality in 
the GO-treated group, but there was 100% survival among 
mice treated with pGO (polyethylene glycol-grafted gra-
phene oxide nanosheets). The pGO nanosheets have superior 
in vivo safety relative to GO (Miao et  al. 2013). Oxidative 
stress and cell wall membrane damage were determined as 
the main mechanisms involved in the cytotoxicity of rGO 
sheets  (Akhavan et al. 2012). GO is found to be more toxic 
than rGO of the same size. GO and rGO induce significant 
increases in both intercellular reactive oxygen species (ROS) 
levels and messenger RNA (mRNA) levels of heme oxygenase 
1 (HO1) and thioredoxin reductase (TrxR) (Das et al. 2013). 
Better water solubility and stability of GO caused its graft-
ing with phosphorylcholine oligomer. Good biocompatibility 
and incorporation into cells by endocytosis was then observed 
(Liu, Zhang et al. 2014). The aspiration of GFN caused only 
mild oxidation and did not cause inflammation in mice, so it 
probably could be used in tissue engineering (Schinwald et al. 
2014). The ability to stimulate myogenic differentiation by GO 
shows a potential for skeletal tissue engineering applications 
(Ku and Park 2013). Biocompatibly coated nano-graphene 
with ultrasmall sizes can be cleared out from the organism 
after systemic administration, without noticeable toxicity to 
the treated mice (Li and Yang 2013). GO has cytoprotec-
tive effect; it enables control over gene transfection through 
region-selective gene delivery only into GO-untreated cells 
and not into the GO-treated cells. GO can protect cells from 
internalization of toxic hydrophobic molecules, nanopar-
ticles, and nucleic acids such as siRNA and plasmid DNA by 
interacting with cell surface lipid bilayers without noticeably 
reducing cell viability (Na et al. 2013).

6.2.2 imaGinG of tumor ceLLs

Tumor imaging has become an indispensable tool in the 
study of cancer biology and in clinical prognosis and treat-
ment (Condeelis and Weissleder 2010). The backbone of bio-
molecules and biological structures is carbon based, thus, 
it is no doubt to integrate biological systems with nanocar-
bons and to use graphene-based scaffold for cell culture 
(Yang et al. 2013). Owing to fine biocompatibility and low 
toxicity strongly fluorescent graphene quantum dots (GQDs) 
are demonstrated to be excellent bioimaging agents in cell 
imaging. The synthesized GQDs showed high solubility, 
excellent biocompatibility, and excellent optical properties 
and could be used directly for intracellular imaging with-
out any surface modification (Zhu et  al. 2011; Sun et  al. 
2013). Graphene-based FRET for cellular imaging was also 
reported (Wang et  al. 2010). A multicomponent nanosys-
tem based on GFN and containing individual cyclodextrins 
(hosts for functional units) can be used as imaging agents, for 
anticancer drug delivery, and as tumor-specific ligands. The 

cyclodextrin-functionalized graphene nanosheet (GNS/-CD) 
facilitates host–guest chemistry between the nanohybrid and 
functional payloads (Dong et  al. 2013). Moreover, biocom-
patible nitrogen-doped graphene quantum dots (N-GQDs) 
may be used as efficient two-photon fluorescent probes for 
cellular and deep-tissue imaging. N-GQD can achieve a 
large imaging depth of 1800 μm, significantly exceeding the 
fundamental two-photon imaging depth limit. The N-GQD 
is nontoxic to living cells and exhibits great photostabil-
ity under repeated laser irradiation (Zhang, Lu et al. 2012). 
Moreover, graphene oxide nanoparticles (GONs) have been 
shown to be good optical probes because of their strong two-
photon luminescence (Zhang, Lu et al. 2012). After the cell 
labeling by GONs, highly localized and low power/energy 
therapy can be achieved. They can be functionalized with 
other targeting molecules, which enable more specific target-
ing into the different malignant tissues.

6.3  GRAPHENE AND ITS OXIDE FOR 
DRUG DELIVERY SYSTEMS

6.3.1 cytostatics

GFN has been widely explored as novel nanocarrier for drug 
delivery (Li and Yang 2013). Ultrasmall GO nanosheets (less 
than 50 nm) could be used as the ideal nanocarriers for drug 
delivery due to the great biocompatibility, lower cytotoxicity, 
and higher cellular uptake amount compared to the random 
large GO nanosheets (Zhang, Peng et al. 2013). A triple func-
tionalized drug delivery system was developed by encap-
sulation of superparamagnetic GO and doxorubicin (DOX) 
(Kizek et  al. 2012; Stiborova et  al. 2012) with folic acid 
(FA)-conjugated chitosan (CHI) (Wang, Zhou et  al. 2013). 
The release of DOX was pH sensitive; the lower pH values 
lead to weaker hydrogen bonds and degradation of CHI, and 
thus result in a higher release rate of DOX. This system could 
be used as a dual-targeted drug nanocarrier by combination 
of biological (active) and magnetic (passive) targeting capa-
bilities. The micrograph of human fibroblast cells exposed 
to GFN conjugated to DOX is shown in Figure 6.3. Besides, 
a multifunctional superparamagnetic graphene oxide–iron 
oxide hybrid nanocomposite (GO–IONP) can be synthetized 
and functionalized by a biocompatible polyethylene glycol 
(PEG) polymer to achieve high stability in physiological solu-
tions. DOX can be loaded onto GO–IONP–PEG, forming a 
GO–IONP–PEG–DOX complex, which enables magnetically 
targeted drug delivery (Ma et al. 2012). The targeting peptide 
(PI)-modified mesoporous silica-coated graphene nanosheet 
(GSPI) can serve in the field of drug delivery. Conjugation 
of DOX with chlorotoxin—GO complex increased the toxic-
ity of DOX to cancer cells (Wang et  al. 2014). Hyaluronic 
acid–GO conjugate has very low toxicity to cells and after 
its connection with DOX selectively delivered the drug 
and inhibited the growth tumors in mice (Wu et  al. 2014). 
A DOX-loaded GSPI-based system (GSPID) showed heat-
stimulative, pH-responsive, and sustained release properties. 
Combined therapy, chemotherapy, and photothermal therapy 
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were more toxic to glioma cells compared with single chemo-
therapy or photothermal therapy (Wang, Wang et al. 2013). 
Kavitha et al. (2013) presented GO functionalized covalently 
with pH-sensitive poly[2-(diethylamino) ethyl methacrylate] 
(PDEA). Common water-insoluble cancer drug camptoth-
ecin (CPT) was loaded on GO-PDEA by simple physisorp-
tion by π–π stacking and by hydrophobic interaction. Loaded 
CPT can be released only at the lower (acidic) pH, which 
is normally found in a tumor environment but not in basic 
and neutral pH. GO-PDEA is not toxic to N2a cancer cells 
but the GO-PDEA-CPT complex exhibited high potency in 
killing N2a cancer cells in vitro. The GO-PDEA nanocargo 
carrier could be a good material for site-specific antican-
cer drug delivery and controlled release. The interaction of 
GO, a medicinal drug 10-hydroxy camptothecin (HCPT), 
and bovine serum albumin (BSA) were studied by Ni et al. 
(2013). The delivery of HCPT to BSA was improved in the 
presence of GO. GO enhances the fluorescence response 
of HCPT to BSA. The low-cost fluorescence biosensing 
platform was created for fluorescence-enhanced detection 
of BSA based on GO. Alternatively, daunorubicin (DNR)-
loaded graphene–gold nanocomposites (GGN) inducing 
apoptosis in drug-resistant leukemia cells (K562/A02; KA) 
were investigated by Zhang, Chang et al. (2013). The mono-
clonal P-glycoprotein (P-gp) antibodies and DNR anticancer 
drug linked to GGN were proved to be a good drug delivery 
vector that induces apoptosis of KA cells and inhibits tumor 
growth in KA nude mice. Moreover, enhanced cell death 
was detected by combination treatment of SWNT/GO and 
Tx (paclitaxel), indicating a synergistic effect and demon-
strated the potential of SWNT/GO as co-therapeutic agents 
with Tx for the treatment of lung cancer (Arya et al. 2013). 
With the aim to improve its water solubility and biocom-
patibility, 6-armed PEG was grafted onto GO via an ami-
dation process. Oridonin, a cancer chemotherapy drug, was 
connected on GO-PEG. The drug loading ratio (105%) was 

higher than in other ordinary drug carriers. The GO-PEG/
oridonin nanocarrier showed higher cytotoxicity in A549 
and MCF-7 cells in comparison to oridonin (Xu et al. 2013). 
Yang et al. demonstrated that the 125I-labelled PEGylated GO 
was less adsorbed in the intestine after oral uptake (Shi et al. 
2013). On the other side, after intraperitoneal injection high 
accumulation of PEGylated GO derivatives was observed in 
the reticuloendothelial system including the liver and spleen. 
Although, GO and PEGylated GO derivatives would retain in 
the mouse body over a long period of time, their toxicity to 
the treated animals is insignificant.

The rGO can be used for in vivo tumor vasculature tar-
geting. The targeting of rGO in a breast cancer model was 
detected, with 64Cu as the positron emission tomography PET 
label and TRC105 (TRC105 is proangiogenic and play a role 
in remodeling the vasculature of malignant tumors) as the 
targeting ligand. CD105 (antigen, transmembrane glycopro-
tein), the target of TRC105, is specifically heavily expressed 
on proliferating tumor endothelial cells of many solid tumor 
types; it makes it suitable for nanomaterial-based tumor tar-
geting. The rGO conjugates exhibited great stability and high 
specificity for CD105. 64Cu–NOTA–rGO–TRC105 (NOTA—
1,4,7-triazacyclononane-1,4,7-triacetic acid) exhibited little 
extravasation in the 4T1 cell line, showing that tumor vascu-
lature (instead of tumor cell) targeting is a valid and preferred 
approach for nanomaterials. The rGO conjugate could serve 
as a promising theranostic agent (integrates imaging and ther-
apeutic components) (Shi et al. 2013).

6.3.2 Gene deLivery

As a result of their good solubility and biocompatibility, 
GNF and GO are promising carriers for gene delivery in 
nonviral-based gene therapy (Feng et  al. 2011; Du et  al. 
2012). Functionalization of GO by branched polyethyleni-
mine (PEI-GO) proved to be of significantly lower cytotoxic-
ity than PEI 25 kDa. The PEI–GO could effectively deliver 
plasmid DNA into cells and could be localized in the nucleus 
(Chen, Liu, Zhang et  al. 2011). The GO/PEI/DNA complex 
was effective for intracellular gene delivery into the widely 
used HeLa cell cultures (Feng et  al. 2011). Single-stranded 
DNA is immediately adsorbed onto functionalized GFN 
forming strong molecular interactions that prevent DNase I 
from approaching the constrained DNA. Constraining a sin-
gle-stranded DNA probe on GFN improved the specificity of 
its response to a target sequence. The features and properties 
of DNA–GFN interactions can be used to construct DNA–
GFN nanobiosensors with facile design, excellent sensitivity, 
selectivity, and biostability. With the low cost of producing 
GFNs, the use of graphene in both fundamental research and 
practical applications is promising (Tang, Wu et al. 2010).

The positively charged GO–PEI complexes are able to 
bind with plasmid DNA (pDNA) for intracellular transfection 
(Feng et  al. 2011). The study on the intracellular uptake of 
Cy3-labelled pDNA indicated that the supplementation of one 
of the primary nuclear localized signal peptides called PV7 
could effectively assist the GO–PEI to deliver plasmid DNA 

100 μm

FIGURE 6.3 Fluorescent micrograph of human foreskin fibro-
blasts exposed to DOX-GFN (30 min incubation, excitation 520–
550 nm, emission: 580 nm, exposure time: 104.5 ms, ISO 200, 
zoom: 100×, temperature: 37°C, and atmosphere: 5% CO2).
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directly into the nucleus without common aggregations. The 
cytotoxicity of GO–PEI was much lower than PEI 10 kDa and 
PEI 25 kDa against both HeLa cells and 293 T cells. This 
complex can serve as an alternative strategy for a nuclear-tar-
geted gene delivery (Ren et al. 2012). Moreover, PEI-grafted 
ultrasmall graphene oxide (PEI-g-USGO) has good transfec-
tion efficiencies and very low cytotoxicity. The transfection 
of plasmid DNA into mammalian cell lines was with up to 
95% efficiency and 90% viability (Zhou et  al. 2012). Low-
molecular mass branched polyethylenimine (BPEI) to GO 
improved the effective molecular weight of BPEI and also 
improved DNA binding and condensation and transfection 
efficiency (Kim et al. 2011). An efficient gene delivery sys-
tem based on GO chemically functionalized with a nontoxic 
linear PEI (LP-GO) was reported. Linear PEI-grafted GO 
conjugates efficiently condensed pDNA and delivered it to the 
inside of the cells. LP-GO is able to deliver siRNA efficiently 

into the cells (Tripathi et al. 2013). The in vivo results indi-
cate significant regression in tumor growth and tumor weight 
after plasmid-based Stat3 siRNA delivered by GO-PEI-PEG 
treatment and no side effect from GO-PEI-PEG treatment was 
detected (Yin et al. 2013).

6.4  METHODS FOR STUDYING 
GRAPHENE-BASED BIOMATERIALS

Currently GFN, GO, and related materials are used as a 
detection platform for sensitive determination of numerous 
analytes. The applicability of GFN and GO as a tool for bio-
sensing has been reviewed many times (Pumera 2010; Pumera 
et al. 2010; Shao et al. 2010; Gan and Hu 2011; Jiang 2011; 
Ratinac et al. 2011; He et al. 2012; Y.X. Liu et al. 2012; Stine 
et al. 2013). Mainly due to the excellent electronic properties 
of these materials numerous studies developing and utilizing 

TABLE 6.1
Summary of Review Articles Focused on Graphene

Review Main 
Topic Title First Author

Number 
of Pages

Number of 
References 

Cited Year Reference

Diagnostics and 
delivery

Graphene-based nanomaterials: diagnostic 
applications

Pandey 26 344 2014 Pandey et al. (2014)

Graphene-based nanomaterials for drug 
delivery and tissue engineering

Goenka 14 165 2014 Goenka et al. (2014)

Biosensing 
applications

Fabrication, optimization, and use of 
graphene field effect sensors

Stine 13 152 2013 Stine et al. (2013)

Biological and chemical sensors based on 
graphene materials

Liu 25 312 2012 Y.X. Liu et al. (2012)

Graphene-based electronic sensors He 9 106 2012 He et al. (2012)

Chemical preparation of graphene-based 
nanomaterials and their applications in 
chemical and biological sensors

Jiang 15 125 2011 Jiang (2011)

Graphene and related materials in 
electrochemical sensing

Ratinac 24 143 2011 Ratinac et al. (2011)

Electrochemical sensors based on 
graphene materials

Gan 19 178 2011 Gan and Hu (2011)

Graphene for electrochemical sensing and 
biosensing

Pumera 12 56 2010 Pumera et al. (2010)

Material physical 
properties

Novel graphene-based nanostructures: 
physicochemical properties and 
applications

Chernozatonskii 29 285 2014 Chernozatonskii et al. 
(2014)

Synthesis and electronic properties of 
chemically functionalized graphene on 
metal surfaces

Gruneis 14 100 2013 Burger et al. (2002)

Photoluminescence properties of graphene 
versus other carbon nanomaterials

Cao 10 42 2013 Cao et al. (2013)

Electronic and optical properties of 
semiconductors and GQDs

Sheng 25 160 2012 Sheng et al. (2012)

Tuneable electronic properties in graphene Craciun 19 121 2011 Craciun et al. (2011)

Electronic properties of graphene 
nanostructures

Molitor 5 74 2011 Molitor et al. (2011)

Probing mechanical properties of 
graphene using Raman spectroscopy

Ferralis 20 103 2010 Ferralis (2010)
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GFN and GO as electrochemical sensors have been presented 
(Shao et al. 2010; Gan and Hu 2011). A summary of review 
articles focused on the application of graphene is given in 
Table 6.1. On the other hand, the overviews of the methods 
investigating the GFN and mainly its bioconjugates as ana-
lytes are not so common. Generally, the reviews are mostly 
focused on characterization of GFN and GO from the fab-
rication point of view determining the mechanical (Ferralis 
2010), electronic (Craciun et  al. 2011; Molitor et  al. 2011; 
Sheng et al. 2012; Gruneis 2013), and optical (Z.B. Liu et al. 
2012; Cao et al. 2013) properties, and/or looking for defects 
(Dresselhaus et al. 2010; Banhart et al. 2011).

A group of basic methods for GFN analysis includes spec-
troscopic methods such as Raman spectroscopy (Ferrari 
2007; Tang, Hu et al. 2010; Saito et al. 2011), impedance spec-
troscopy (Bonanni and Pumera 2013; Loo et al. 2013), X-ray 
spectroscopy (Ilkiv et al. 2012a,b; Lee et al. 2012), infrared 
spectroscopy (Li et  al. 2008), and/or UV–vis spectroscopy 
(Lai et  al. 2012; Mak et  al. 2012). Another set of methods 
comprises microscopic techniques such as transmission elec-
tron microscopy (Liu, Zan et al. 2011, 2012; Wang et al. 2012), 
scanning tunneling microscopy (Paredes et  al. 2009; Sutter 
et al. 2009; Andrei et al. 2012), and/or atomic force micros-
copy (Paredes et al. 2009; Ahmad et al. 2011; Ding et al. 2011) 
(Table 6.2).

The methods characterizing GFN in terms of its bioconju-
gation are depending on the nature of the bioconjugate. In case 
of conjugation with fluorescent partner such as quantum dots 
or fluorescently labeled biomolecules the appropriate method 
is based on fluorescence emission with GFN for fluorescence 

imaging of live cells (Chen, Liu, Hu et  al. 2011). Owing to 
fluorescent properties, DOX interacted with fullerenes can be 
detected as shown in Figure 6.4.

6.5 CONCLUSIONS

Owing to their unique properties, carbon nanomaterials 
including fullerenes, nanotubes, graphene, and graphene 
oxide have already proven their potential, applicability, and 
benefits in numerous areas of research. Biochemical analy-
ses as well as biomedical applications have improved sig-
nificantly by utilization of these carbon-based nanoparticles. 
However, despite their promise, both graphene and carbon 
nanotubes still face considerable challenges such as hetero-
geneity and in case of GFN separating the layers and keeping 
them separated, control the number of layers, and minimizing 
folding and bending during processing. One challenge con-
nected to biomedical applications of GFN is thorough and 
profound understanding of interactions between GFN and 
cells. Especially the cellular uptake mechanism has to be 
fully understood. However, given its structural features and 
exceptional physicochemical properties, the design of GFN-
based delivery/therapeutic multimodal and multifunctional 
platform is a new direction to follow. Finally, it has to high-
light that these aims can only be reached by the combined 
effort of researchers from chemistry, biomedicine, materials 
sciences, and nanotechnology.

TABLE 6.2
Summary of Analytical Methods Used for Graphene 
Characterization

Analytical Method Reference

Spectroscopy Raman spectroscopy Tang, Hu et al. (2010)

Saito et al. (2011)

Ferrari (2007)

Impedance 
spectroscopy

Bonanni and Pumera 
(2013)

Loo et al. (2013)

X-ray spectroscopy Ilkiv et al. (2012b)

Ilkiv and Zaulychnyy 
(2012a)

IR spectroscopy Li et al. (2008)

UV/vis spectroscopy Lai et al. (2012)

Microscopic techniques TEM Liu, Wang et al. (2012)

Zan et al. (2012)

Scanning tunneling 
microscopy

Paredes et al. (2009)

Sutter et al. (2009)

Andrei et al. (2012)

AFM Paredes et al. (2009)

Ahmad et al. (2011)

Ding et al. (2011)

1000.00 1375.00 1750.00 2125.00

cm
654321

2500.00

FIGURE 6.4 Fluorescence in vivo imaging detection of DOX in 
the chicken embryo. X-ray image of the embryo and overlaid by fluo-
rescence image of the embryo after the application of fullerenes with 
DOX into the chicken breast (100 μL fullerene with doxo [500 μg/
mL doxo]); parameters: excitation—480 nm, emission—600 nm, 
exposure time—2 s, binning: 2 × 2 pixels—2 × 2, field of view—
11.5 × 11.5 cm, and stop—1.1.
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7 Mathematical Modeling for Hydrogen 
Storage Inside Graphene-Based Materials

Yue Chan

ABSTRACT

In this chapter, applied mathematical modeling in conjunc-
tion with statistical mechanics is used to investigate the stor-
age of hydrogen between graphene and inside graphene-oxide 
frameworks (GOFs), which comprise double-layered gra-
phene sheets and are uniformly separated by the molecular 
ligands with certain densities. Hydrogen uptake is calculated 
for graphene and GOFs using the equations of state in both 
bulk gas and adsorption phases, where the molecular interac-
tions between a hydrogen molecule and the host structure are 
determined by continuous approximation. First, we verify our 
numerical results by comparing the hydrogen storage between 
the graphene sheets using the present mathematical approach 
with that using computational simulations and experimental 
results. Then, we determine the optimal hydrogen storage 
structures for graphene oxide frameworks across wide ranges 
of temperatures and external pressures. Such variations in 
different optimal structures could be partially explained by 
the idea of the geometric effect and the extra energy induced 
by the ligands. Theoretical methodologies that address the 
gas storage inside nanostructures range from several funda-
mental equations such as Langmuir single-layer model and 
the Brunauer, Emmett, and Teller (BET) multilayer model 
to more sophisticated computational simulations such as 
molecular dynamics simulations, Monte Carlo simulations, 
and ab initio quantum mechanical-based principles. While 
the fundamental equations provide almost instantaneous esti-
mations for the surface area and the heat of adsorption using 
the experimental adsorption isotherms, the computationally 
intensive simulations provide detailed predictions of almost 
all aspects of adsorption but require substantial prior experi-
ences in the field. The missing block between two extreme 
methodologies could be filled by the present hybrid mathe-
matical and statistical approach, and other continuum-based 

models proposed in the current literature (Shi, F., Bhalla, 
A., Chen, C., Gunaratne, G.H., Jiang, J., Meletis, E.I. 2011. 
Atomistically-informed continuum model for hydrogen stor-
age on graphene. Interface 57–61). The present methodology 
provides more insights than that of fundamental equations but 
demands less specific knowledge than that of computational 
simulations. Most importantly it facilitates rapid numerical 
results and generates deductive results. The theoretical results 
obtained from this chapter are ready to be employed for other 
types of gases, for example, argon, methane, etc. and nanoma-
terials, for example, nanotubes, zeolites, etc. without concep-
tual difficulties.

7.1 INTRODUCTION

The 2010 Nobel Prize for Physics was jointly awarded to 
Andre Geim and Konstantin Novoselov [1] for their ground-
breaking discovery of two-dimensional graphene sheet, 
which is experimentally fabricated by chemical vapor depo-
sition. They also determined the electronic properties of 
such unique molecular structure. Ever since, graphene has 
attracted wide attention from the research and industrial com-
munities, and has become one of the hottest topics in natural 
sciences. Graphene is generally viewed as a two-dimensional 
sheet comprising carbon atoms, which are arranged in a lat-
tice structure. Electronic states of graphene are formed by the 
pz orbital, which is perpendicular to the graphene sheet, and 
three occupied valence states of carbon atoms, that is, σ bonds 
through sp2 hybridization. These unique electronic states con-
tribute to the robustness of the graphene structure [2], for 
example, graphene possesses superior and novel electronic, 
mechanical (remarkably high Young’s modulus of 1 TPa), 
thermal, and optical properties. A new class of the graphene-
based structure, referred as GOFs (see Figure 7.1), has also 
been proposed by Burress et al. and could be experimentally 
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fabricated through a chemical reaction between boronic acids 
and the hydroxyl group [3]. The benzenediboronic acid pillars, 
herein ligands, between the graphene sheets separate the dou-
ble-layered graphene sheets and provide a mechanical support 
to the molecular structure. With a proper tuning of the ligand 
densities, the optimal hydrogen uptakes could be determined 
from the geometric effect such as the free volume or the extra 
energy induced by the ligands, depending on the combina-
tion of temperatures and external pressures. Such optimal 
ligand densities could provide a guideline for future experi-
mental condensation. In particular for hydrogen storage, gra-
phene-based materials are used because of their abundance 
in nature, toughness against fatigue and crack, lightweight, 
low manufacturing cost, and chemically inert and environ-
mentally friendly characteristics leading to numerous com-
mercial applications that are ready for mass production in the 
marketplace. Hydrogen molecules are covalently bonded by 
two hydrogen atoms. They are abundant in the universe, and 
can be extracted and stored in fuel cells to generate energy for 
mobile vehicles. However, hydrogen gas is highly explosive so 
that it must be stored under safe conditions leading to strin-
gent requirements for the host materials. Graphene has also 
recently been proposed as a molecular sieve, especially for 
the purpose of seawater desalination, which has merits of high 
operational efficiency and low operational cost.

A challenge of the twenty-first century is to generate, 
store, and release energy in an affordable, clean, and renew-
able manner. Therefore, materials’ reversible ability in cap-
turing, storing, and releasing gases plays an indispensable 
role in partially addressing this challenge. Some examples for 
gas storage and energy generation include carbon capture and 
storage for coal burning, petroleum and natural gas combus-
tion to combatting climate change; methane capture and stor-
age for climate control; and methane and hydrogen storage 
for fuel cells generating low and zero carbon emission. This 
gas separation and storage technology has formed a key strat-
egy in countries, where costs are allocated for adverse human 
impacts resulting from massive emission of toxic and green-
house gases. As a result, large power plants, factory plants, 
and airlines burning coal or fossil fuels become incentive in 
cutting down toxic and greenhouse gas emissions to minimize 
their costs. One of the numerous applications is to remove car-
bon dioxide from gas streams through the membranes com-
prising nanomaterials and store it underground.

Porous materials such as metal-organic frameworks 
(MOFs), zeolitic imidazolate frameworks (ZIFs), covalent 
organic frameworks (COFs), and graphite-based materials are 
foreseen to be promising candidates to achieve prominent gas 
storage. It is worth to note that MOFs, unlike other rigid nano-
materials, could alter their molecular topologies to accommo-
date more gas. Factors such as capacity, operating temperature, 
thermal and hydrothermal stability, surface kinetic and chem-
istry; and cyclability are crucial for using such nanomateri-
als as successful gas absorbents. In addition, porous materials 
ought to be selected to target-specific applications depending 
on their intrinsic structures and absorption properties, for 
example, silicas and mesoporous metal oxides possess pores of 
the right size but their pore distribution is uneven so as to limit 
their gas selectivity abilities; zeolites possess periodic poros-
ity but their pores are so small that the infiltration of organic 
molecules is forbidden, and MOFs possess periodic pores in 
various size ranges which enable them to absorb different mol-
ecules resulting in a wide range of applications such as gas 
separation, gas storage, ion exchange, catalysis, and magne-
tism. Experimentally, techniques such as metalation, interpen-
etration, optimization of pore size, and pore infiltration could 
be adopted to improve their adsorption enthalpies.

The usage of clean fuels such as hydrogen and methane will 
cultivate low carbon emissions. Vehicles are responsible for 
around 20% of the total greenhouse gas emission, and the motor 
vehicles and other mechanical systems powered by hydrogen 
gas have the major merit of producing water after combustion. 
Insufficient storage capacity, slow kinetics, poor reversibility 
and high dehydrogenation temperatures are the main challenges 
for an acceptable media to be a candidate for hydrogen stor-
age. Porous materials described above might partially solve the 
problems, and numerous experimental and theoretical investi-
gations on hydrogen storage using porous materials such as car-
bon nanotubes, zeolites, and metal-organic frameworks have 
been performed due to their high adsorption surface areas and 
intrinsic chemical properties. Notable nanocontainers include 2 
wt% for graphene, 3.5 wt% for carbon nanotube, 4.5 wt% for 

FIGURE 7.1 GOFs where layers of graphene sheets are sup-
ported and separated by benzenediboronic acid pillars. Each ligand 
comprises eight hydrogen, four oxygen, two boron and six carbon 
atoms. (Burress, J.W. et al.: Graphene oxide framework materials: 
Theoretical predictions and experimental results. Angew. Chem. Int. 
Edn 2010. 49: 8902–4. Copyright Wiley-VCH Verlag GmbH & Co. 
KGaA. Reproduced with permission.)
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MOF-5, 9 wt% for pillared graphene [4], and all are measured 
at 77 K and 1 bar. In particular, graphene offers a considerably 
higher surface area to make contact with polymer composites 
for multi-functional purposes.

While experimental discovery has led to dramatic 
improvements in gas storage using nanomaterials, further 
data condensation and optimization could certainly speed 
up this process. Fundamental equations such as Langmuir 
single-layer model, and the Brunauer, Emmett, and Teller 
(BET) multilayer model provide the simplest way to calcu-
late adsorption properties, for example, the heat of adsorption, 
which are accessible for most nonspecialists. Related compu-
tational simulation techniques include ab initio principles, 
molecular dynamics simulations, and Monte Carlo simula-
tions which offer more comprehensive picture for gas absorp-
tion. Here, we provide some basic knowledge about these 
computational simulations techniques: ab initio principles 
start directly at the level of established laws of quantum phys-
ics and do not make any assumptions of empirical models and 
parameters. An example includes the calculation of materi-
als’ electronic structures using Schrodinger’s equation within 
a set of approximations resulting in huge computational times 
for solving the Schrodinger’s equation; molecular dynamics 
simulations is a computer simulation of physical movement 
for atoms and molecules in the classical regime. The atoms 
and molecules are allowed to interact for a period of time, and 
the trajectories of them are numerically determined by solv-
ing the Newtonian equations of motion, where forces between 
the particles are determined by empirical force fields; Monte 
Carlo simulations rely on repeated random sampling, which 
could be sampled by some probability distributions, for exam-
ple, the Boltzmann distribution to obtain numerical results. 
The methodology is useful for simulating systems with many 
coupled degrees of freedom such as fluids, disordered mate-
rials, strongly coupled solids, and cellular structures. While 
simulation techniques such as ab initio principles, molecular 
dynamics simulations, and Monte Carlo methods provide 
comprehensive pictures for almost all aspects of adsorption 
within the specific atomic structures, they generally require 
substantial prior knowledge to perform the computational 
simulations in the highest accuracy. Besides, the compu-
tational simulations are very limited in both spatial and 
temporal scales that they can access. Although several meth-
odologies such as mean-field density functional theories and 
the lattice Boltzmann/gas method could be employed to speed 
up certain simulations, still the lengthy computational times 
could never be severely compressed. These obstacles limit 
their deductive capabilities.

In this chapter, we investigate the hydrogen storage between 
the graphene sheets and inside the GOFs. Some related experi-
ments and theoretical investigations are summarized in Table 
7.1. However, the present mathematical frameworks for gra-
phene and GOFs could be inferred to other gases and well-
defined porous nanomaterials without conceptual difficulties. 
While the carbon atoms are assumed to be smeared across 
the surface of graphene sheets, hydrogen, oxygen, boron, 
and carbon atoms are smeared across the envisaged columns 

(see Figure 7.2), so that the continuous approach could be used 
to approximate the nonbonded van der Waals interactions 
between a hydrogen molecule and the bulk structure in terms of 
surface integrals. The continuous approximation has success-
fully been applied in numerous occasions such as the encap-
sulation of drug molecules inside single-walled nanotubes as 
“magic bullets” [5], the diffusion and storage of lithium ions 
between graphene sheets [6,7], the transportation of single-
filed water molecules inside ultra-small radii nanotubes and 
ultrafiltration using functionalized carbon nanotubes [8–11], 
and the shuttle memory nanodevice using metallofullerenes 
and carbon nanotubes [12]. Important parameters such as the 
heat of absorption, and the absorption and bulk volumes could 
be determined by the total potential energy computed using 
continuous approximation and the Boltzmann distribution. 
The hydrogen uptake can then be obtained from the equations 
of state for both adsorption and bulk gas phases.

TABLE 7.1
Some References for Related Topics

Materials References

Graphene • Hydrogen on graphene: Electronic structure, total 
energy, structural distortions and magnetism from 
first-principle calculations [13]

• Graphene nanostructures as tunable storage media 
for molecular hydrogen [14]

• Ab initio investigation of molecular hydrogen 
physisorption on graphene and carbon nanotubes 
[15]

• High-capacity hydrogen storage by metallized 
graphene [16]

• Understanding adsorption of hydrogen atoms on 
graphene [17]

• Enhancement of hydrogen physisorption on 
graphene and carbon nanotubes by Li doping [18]

• Effective pathway for hydrogen atom adsorption on 
graphene [19]

• Synthesis of graphene-like nanosheets and their 
hydrogen adsorption capacity [20]

• Hydrogen adsorption behavior of graphene above 
critical temperature [21]

• Chemical storage of hydrogen in few-layer graphene 
[22]

• Density functional study of adsorption of molecular 
hydrogen on graphene layers [23]

• Ab initio investigation of physisorption of molecular 
hydrogen on planar and curved graphenes [24]

• Uptake of H2 and CO2 by graphene [25]
• Computational study of hydrogen storage 
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The structure of the chapter is organized as follows: In 
Section 7.2, the theoretical background is presented, followed 
by the numerical results and some discussions in Section 7.3. 
In the final section, a general conclusion is provided.

7.2 THEORETICAL BACKGROUND

In this section, we present the theoretical background for this 
chapter. We assume that the interactions between hydrogen 
molecules and the host material are dominated by van der 
Waals forces. Therefore, the atomic interactions between a 
hydrogen molecule and the graphene or GFOs, herein GOFs, 
are modeled using the nonbonded 6–12 Lennard–Jones poten-
tial, where the atom–atom interaction is given by
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where ρ, ε, and σ denote the distance, the potential well depth 
and the Lennard–Jones distance between two atoms, respec-
tively. In addition, A and B denote the attractive and repulsive 
Hamaker constants, respectively. We comment that follow-
ing the accounts by Jones, many theoretical efforts have been 
attempted to improve the Jones’ empirical rules taking into 
account the dielectric properties of the molecular surface. 
We also comment that strictly speaking, quantum mechani-
cal effects such as the dispersion interactions raising from 
the fact that the graphene sheet is a Dirac solid might needed 
to be incorporated into the present model. However, the cen-
tral spirit of the applied mathematical modeling is to sim-
plify and solve problems in a tractable manner without losing 
the primary effects. We therefore ignore the above quantum 
effects due to the fact that these confinements would only 

produce a small increment in accuracy but would substan-
tially increase the complexity and computational times of the 
present mathematical approach. In addition, 6–12 Lennard–
Jones potential is chosen due to its simplest form resulting 
in analytical expressions, which could be easily computed 
using mathematical software such as MATLAB, Maple, and 
Mathematica.

First, only double-layered graphene sheets are considered 
and the carbon atoms are assumed to be smeared across the 
surface of a circular graphene sheet (see Figure 7.2), so that 
continuous approximation [29,30] could be used to approxi-
mate the total pairwise potential energies between the single 
hydrogen molecule and the graphene sheets, and the total 
potential energy could be analytically determined as
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  (7.2)

where r, h, D, η, and dS1 = 2πrdr denote the radius of the 
circular graphene sheets, the perpendicular distance of the 
hydrogen molecule measured from the lower graphene sheet, 
the separation between the two graphene sheets, the atomic 
density of the graphene sheets, and the surface element of 
the graphene sheets, respectively. Equation 7.2 is obtained by 
directly submitting Equation 7.1 into the integrand in Equation 
7.2. We comment that more complicated van der Waals mod-
els could be used but the total potential energy could only 
be sought numerically. It is worth to note that the analytical 
expression for the total potential energy resembles the Steele 
10-4-3 potential, which is a variation of the Lennard–Jones 
potential model for the fluid–wall systems. The potential 
expressions in analytical forms for other simple geometries 
such as the spherical and cylindrical configurations could be 
found in Thornton et al. [31]. We comment that no curve-fit-
ting exercise is adopted here in comparison to Thornton et al. 
[31]. Here, the potential well depth and the Lennard–Jones 
distance have to be modified by taking into account the inter-
actions between two different atoms, that is, the hydrogen 
molecule and the carbon atoms on the graphene sheets, which 
could be achieved by the simple Lorentz–Berthelot mix-
ing rules, that is, ε = (εiεj)1/2 and σ = (σi + σj)/2, respectively, 
where i and j denote two distinct atoms.

Now, a repeated unit of GOFs comprising four molecu-
lar ligands and two parallel graphene sheets is considered. 
Furthermore, the hydrogen, oxygen, boron, and carbon atoms 

Ligands (a repeated unit)

GOF-28/G-28

GOF-6/G-6

S

D

h

Sr

GOF-66/G-66

FIGURE 7.2 Repeated unit of GOFs (upper); Bases for GOF-6, 
GOF-28, and GOF-66, where numbers denote the number of car-
bon atoms on each base, and G-6, G-28, and G-66 denote the cor-
responding double-layered graphene sheets, that is, GOFs without 
ligands (lower).
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are assumed to be smeared across an envisaged one-dimen-
sional column. We consider four types of atoms individually 
so that the total potential energy between the hydrogen mole-
cule and the four ligands could be approximated by the linear 
sum of four surface integrals, that is,
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where ηi, Ai, Bi, S2, S, and F denote the atomic number den-
sity of hydrogen (i = 1), oxygen (i = 2), boron (i = 3), and car-
bon (i = 4), the attractive constant for the hydrogen molecule 
and the ith atom at the ligands, the repulsive constant for the 
hydrogen molecule and the ith atom at the ligands, the surface 
area of the ligand, the approximate radius of the graphene 
sheets, and the usual hypergeometric function, respectively. 
We note that the hypergeometric function can be expanded in 
terms of the series expression, which is given by
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where (a)n = (a + n − 1)!/(a − 1)! and ! denotes the usual facto-
rial. For z ≪ 0, the value of the first few terms in the series 
has already approached the value of the function. The total 
potential energy of the hydrogen molecule inside GOFs, E(r, 
h) is therefore given by
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where E3(|r − ri|, |h − hi|) denotes the molecular interactions 
between the ith hydrogen molecule and its nearby hydrogen 
molecules inside the host structure.

On determining the total potential energy using continu-
ous approximation, statistical mechanics could be employed 
to investigate the storage properties of the hydrogen gas inside 
porous materials. Hydrogen gas inside the porous structures 
can be divided into the adsorption and bulk gas phases. The 
probability that a gas molecule is absorbed inside the porous 
material could be expressed as Pad(r, h) = 1 − exp(−|E(r, h)|/
kBT) using the Boltzmann distribution, where E(r, h) is obtained 
from Equation 7.4, and kB and T denote the Boltzmann constant 
and the temperature, respectively. The adsorption volume, Vad 
and the bulk volume, Vbulk could be subsequently obtained 
from the integrals over the total free area Vf:
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where Vf and dV = rdr dθ dh denote the total free area from 
which E(r, h) ≤ 0 and the volume element of the cavity, respec-
tively. We comment that the integrals could be numerically 
determined using Simpson’s rule. The heat of adsorption is 
defined by Q = |Eavg| + (kBT)/2, where the average energy is 
Eavg = (∫Vf E(r, h)dV)/Vf. The modified equations of state are 
eventually given by
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where P, R, nad, nbulk, and υ denote the external pressure, the 
molar gas constant, the number of moles in the adsorption 
phase, the number of moles in the bulk gas phase, and the 
densely occupied molar volume, respectively. We comment 
that the densely occupied molar volume could be determined 
from the total potential energy profile between hydrogen mol-
ecules and the host structure. In addition, the extra exponen-
tial term in Equation 7.6 accounts for the energy well exerted 
by the graphene sheets and GOFs. The total number of moles 
of molecules inside the host structure is n = nad+nbulk, where 
nad and nbulk are solved using Equation 7.6, and the gravimet-
ric uptake is defined as {wH/(wH + W)}*100%, where wH and 
W denote the weight of hydrogen molecules and the weight of 
the porous material, respectively.

However, from Equation 7.6, singularity occurs for n when 
T approaches zero or P approaches infinity, which is not phys-
ically feasible. To tackle this problem, further microscopic 
constraints are imposed so that our calculations terminate 
when

 1. The work done on a hydrogen molecule exerted 
by the external pressure P together with its kinetic 
energy is higher than its average binding energy, that 
is, PVvdW + (kBT/2) > |Eavg|, where VvdW denotes the 
van der Waals volume for the hydrogen molecule.

 2. The volume occupied by the hydrogen gas (hard 
sphere) is larger than the physically available vol-
ume of the porous cavity, that is, nNA(1.33πrH

3) > V, 
where rH and NA denote the van der Waals radius 
of the hydrogen molecule and Avogadro’s constant, 
respectively.

After some simple algebra, the iterations terminate 
whenever
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are satisfied. We comment that the first and second con-
straints determine the maximum hydrogen uptake for the low- 
and high-temperature limits, respectively. For example, as T 
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increases, the second constraint will be satisfied quicker than 
the first one for certain Ps. Now, we are equipped with suffi-
cient theoretical tools for performing the following numerical 
results. The schematic figure for the theoretical background is 
summarized in Figure 7.3.

7.3 NUMERICAL RESULTS

The numerical results, arising from the theoretical back-
ground derived in Section 7.2, are provided in this section. 
Two types of GFOs, namely double-layered graphene sheets 
and GFO,s are considered. In particular, four different types 
of GOFs are investigated, namely GOF-120, GOF-66, GOF-
28, and GOF-6, where the numbers denote the number of car-
bon atoms per repeated unit per graphene sheet, which are 
indicated in Figure 7.2. The corresponding double-layered 
graphene sheets, namely G-120, G-66, G-28, and G-6 are also 
investigated, and the numerical results are compared with the 
recent theoretical and experimental results for verification of 
the present mathematical approach.

7.3.1  numericaL resuLts for douBLe-
Layered Graphene sheets

First, the hydrogen uptake between two graphene sheets is 
investigated. An interlayer separation distance D = 11 Å is 
chosen, from which the largest hydrogen storage is realized 
for GOFs using computational simulation. The values of all 
parameters used in this chapter are provided in Table 7.2. For 
zero-order approximation, that is, we ignore the hydrogen–
hydrogen interactions so that the hydrogen–host structure 
interactions define the total potential energy. Equation 7.4 

reduces to E1, and the total potential energy of the hydrogen 
molecule inside G-120 is obtained and plotted in Figure 7.4. 
From Figure 7.4, the hydrogen molecule is more probably to 
be situated in two potential wells, that is, −0.04 eV at h = 3.2 
and 7.8 Å, and the total potential energy decreases asymptoti-
cally in the r-direction reflecting the diminishing effect of van 
der Waals forces in distance. The total potential energies of 
the hydrogen molecule between G-66, G-28, and G-6 can be 
determined in a similar manner, and the minimum potential 
energies are given by −0.036, −0.032, and −0.006 eV, respec-
tively. In addition, the average potential energies for G-120, 
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FIGURE 7.3 Schematic diagram for the theoretical background.

TABLE 7.2
Table of Parameters Adopted in This Chapter

Description Parameter Value

Attractive constant H2-graphene
Repulsive constant H2-graphene
Attractive constant H2-H
Repulsive constant H2-H
Attractive constant H2-O
Repulsive constant H2-O
Attractive constant H2-B
Repulsive constant H2-B
Attractive constant H2-C
Repulsive constant H2-C
Number density of graphene
Radius for GOF/G-120
Radius for GOF/G-66
Radius for GOF/G-28
Radius for GOF/G-6
vdW radius for H2

A
B
A1

B1

A2

B2

A3

B3

A4

B4

η
S
S
S
S
rH

9.610 eVÅ6

8695.500 eVÅ12

3.592 eVÅ6

1362.523 eVÅ12

7.512 eVÅ6

5093.263 eVÅ12

13.144 eVÅ6

12394.747 eVÅ12

13.531 eVÅ6

12493.006 eVÅ12

0.381 Å
9.840 Å
7.387 Å
4.920 Å
1.230 Å
1.516 Å
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G-66, G-28, and G-6 are given by −0.0170, −0.0151, −0.0112, 
and −0.00130 eV, respectively. It is intuitive that larger the size 
of the graphene sheets, the lower the total potential energy is. 
Owing to the sufficiently large separation distance D, the total 
potential energies become zero when h = 3.2 and 7.8 Å for all 
proposed graphene sheets, from which we can determine the 
free volume Vf and hence the heat of absorption Q, which is 
crucial to depict the adsorption behavior of hydrogen mol-
ecules between the graphene sheets and inside GOFs. Given 
that, we can calculate the adsorption volume Vad and the bulk 
volume Vbulk using Equation 7.5, and then Equation 7.6 can 
be used to deduce the hydrogen uptake of the double-layered 
graphene sheets as a function of temperature T and pressure P.

Now, we fix the temperature T at 77 K and the gravimetric 
uptake, which is defined as the percentage of the weight of 
the absorbed hydrogen gas over the total weight of the system 
including the weight of the absorbed hydrogen gas, is plot-
ted against pressure in Figure 7.5. The gravimetric hydrogen 

uptakes between two graphene sheets increase from 0 wt% 
for G-6 to 1.85 wt% for G-120 as the size of the graphene 
sheets increases. The zero gravimetric uptake for G-6 reveals 
an insufficient binding energy generated by G-6 to attract 
hydrogen molecules, whereas the gravimetric uptake for 
G-120 approaches that of an infinite graphene sheet owing 
to the fact that the van der Waals forces diminish rapidly and 
asymptotically in the r-direction. In addition, the gravimet-
ric uptakes for the proposed graphene sheets also increase 
linearly with external pressure. The results of the zero-order 
approximation are in good agreement with the experimental 
data, that is, Srinivas et al. [20] obtain 1.2 wt% and Ghosh 
et al. [25] obtain 1.7 wt%, and the theoretical investigation, 
that is, Dimitrakakis et al. [4] obtain 2 wt%, all are measured 
at 77 K and 1 bar. These agreements reveal that the interac-
tions between the hydrogen molecule and the host structure 
dominate the total potential energy. Now, the temperature is 
fixed at 77 K and the pressure is increased up to 80 bars to 
investigate all isotherms, which are given in Figure 7.6. We 
observe that for certain pressures and beyond, the gravimet-
ric uptakes level off and reach the plateaus resulting from the 
microscopic enforcements of Equation 7.7. We could also fix 
the pressure and vary the temperature, and the methodology 
of obtaining the hydrogen uptake could be deduced in a simi-
lar manner, which indicates how rapid the present mathemati-
cal approach facilitates numerical results.

7.3.2 numericaL resuLts for Gofs

We could either accept the zero-order approximation or 
determine the hydrogen–hydrogen interactions, that is, E3 in 
Equation 7.4 by other means, for example, through interpo-
lating experimental or simulations results, or using Monte-
Carlo simulations. For simplicity, the former methodology is 
adopted and E2 in Equation 7.4 is used by taking into account 
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FIGURE 7.4 Total potential energy of hydrogen molecule situated 
inside G-120 with D = 11 Å, where E is in the unit of eV, and h and 
r are in the unit of Å. From which important parameters such as 
average energy Eavg, the heat of absorption Q, the free volume Vf, the 
adsorption volume Vad, and the bulk volume Vbulk can be numerically 
determined.
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ship between gravimetric uptakes and external pressure.



118 Graphene Science Handbook

the additional atomic interactions arising from the ligands. 
The total potential energy for GOF-6 is calculated and is 
given in Figure 7.7. Owing to the strong repulsive energy gen-
erated by the ligands, no hydrogen uptake occurs for GOF-6. 
Furthermore, the total potential energy for GOF-120 is cal-
culated and is given in Figure 7.8. The total potential energy 
for GOF-120 features spires about the four ligands and fea-
tures deeper potential wells in comparison to that of G-120, 
that is, Figure 7.4. We also comment that the total potential 
energies for GOF-28 and GOF-66 possess similar poten-
tial landscapes, and the average energies Eavg are −0.0225, 
−0.0266, and −0.0487 eV for GOF-120, GOF-66, and GOF-
28, respectively. The corresponding minimum energies are 
−0.05, −0.06, and −0.065 eV, respectively. We comment that 
GOF-28 possesses the lowest minimum and average energies 
among the proposed GOFs.

For convenience, we partition the external pressure into the 
low-pressure limit, that is, from 0 to 1 bar, the intermediate-
pressure regime, that is, from 1 bar to 10 bars, and the high-
pressure limit, that is, larger than 10 bars. The gravimetric 
uptakes for GOFs are determined in a similar manner as in the 

case of the double-layered graphene sheets, and the numeri-
cal result of the hydrogen uptakes for the proposed GOFs, at 
77 K and the pressure up to 10 bars are given in Figure 7.9. 
Owing to the extremely strong repulsive energy generated by 
the dense ligands, there is no hydrogen uptake for GOF-6. In 
the low-pressure limit, GOF-28 possesses the optimal gravi-
metric uptake of 6.33 wt%, and the corresponding gravimet-
ric uptakes of GOF-66 and GOF-120 are given by 2 and 1.68 
wt%, respectively, all are measured at 77 K and 1 bar. On 
comparing Figures 7.5 and 7.9, due to the low ligand densities, 
the gravimetric uptakes of GOF-120 and GOF-66 approach 
that of G-120 and G-66, respectively, where we could virtu-
ally assume that the ligand densities are zero. This reflects 
that the molecular effect arising from the ligands diminishes 
when the ligand density is sufficiently low at low temperatures 
and pressures.

The optimal hydrogen uptake for GOF-28 at low tempera-
tures and pressures could be partially explained by scrutiniz-
ing the average/minimum potential energies among GOFs. 
From the preceding paragraph, the average potential energy 
for GOF-28 is −0.0487 eV, which is much lower than −0.0266 
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and −0.0225 eV for GOF-66 and GOF-120, respectively. 
There is always a competition between the kinetic energy of 
the hydrogen gas and the potential energy generated by the 
host molecular structure to determine whether the hydrogen 
molecules would stay or escape from the host structure, and 
the lowest average potential energy for GOF-28 provides a 
deeper binding energy to keep the hydrogen molecules inside 
the host structure. For GOFs with low ligand densities, such as 
GOF-66 and GOF-120, the role of the ligands acts mainly as 
a mechanical support for the host structures. However, there 
is a peculiar effect for the case of GOF-28, where the density 
of ligands is just right that the ligands neither reject hydrogen 
molecules nor provide merely mechanical support for the case 
of the extremely high or low ligand densities, respectively. The 
extra energy induced by the ligands inside GOF-28 boosts up 
the heat of absorption significantly so as to enhance its hydro-
gen storage, although the free volume Vf of GOF-28 is smaller 
than that of G-28.

The theoretical gravimetric uptake for GOF-28 reaches 
the highest value of 6.33 wt% at 77 K and 1 bar, which is 
larger than the reported hydrogen uptakes for most porous 
materials, for example, 4.5 wt% for MOF-5, 2 wt% for gra-
phene, 3.5 wt% for carbon nanotubes, but falls below that of 
the pillared graphene, that is, 9 wt%. However, it is notewor-
thy that the pillared graphene is geometrically intricate and 
extremely hard to be fabricated resulting in low commercial 
value.

However, as the pressure increases, the effect arising from 
the extra induced energy diminishes as more hydrogen mole-
cules could be manipulatively squeezed into the host structure 
by the strong pressure and the geometric effect takes place, 
that is, the higher the free volume, the larger the hydrogen 
uptake. A mixed performance of GOF-28, GOF-66, and GOF-
120 occurs in the intermediate-pressure regime (see Figure 
7.9). However, in the high-pressure limit, GOF-120 turns out 
to be the optimal structure because it possesses the largest 

free volume. The saturated hydrogen uptakes of GOF-120 and 
GOF-66 approaches that of G-120 and G-66 but are less than 
that of G-120 and G-66 simply due to the fact that the free 
volumes of GOF-120 and GOF-66 are smaller than that of 
G-120 and G-66 (see Figures 7.6 and 7.9).

In contrast to computational simulations, though they pro-
vide more flexibilities and information than the present math-
ematical approach, they take extremely long times to compute 
a single result by varying even a single parameter, for example, 
temperature or pressure. In addition, they become intractable 
when the system sizes approach microscale and when the 
evolution time exceeds microseconds. In the present math-
ematical approach, since all information and parameters are 
absorbed into the two equations of the state, that is, Equation 
7.6, the computational times are almost similar while the 
underlying parameters are varied. Again to demonstrate this, 
we consider two more realistic scenarios where the usual and 
high bulk temperatures of 300 and 500 K are adopted, and the 
external pressure is extended from 10 to 800 bars to observe 
all isotherms. The numerical results are given in Figure 7.10.

For the proposed daily temperature, that is, T = 300 K, 
GOF-28 still reveals its advantage in the low-pressure limit as 
the extra energy induced by the ligands continues to enhance 
the hydrogen uptake for GOF-28 at low pressures. It is inclu-
sive to tell which GOFs are optimal in the intermediate pres-
sure regime. However in the high-pressure limit, again the 
geometric effect takes place and GOF-120 becomes the best 
container. The maximum gravimetric uptakes for all pro-
posed GOFs in room temperature asymptotically approach 
that of GOFs at 77 K but could only be achieved at higher 
pressures. Therefore, the hydrogen adsorption characteristics 
for GOFs are qualitatively the same for all proposed GOFs at 
77 and 300 K.

However, at sufficiently high temperatures, for example, 
at 500 K, the adsorption characteristics differ dramatically. 
At that temperature, the kinetic energies of the hydrogen 
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molecules are so high that the extra induced energy produces 
marginal forces to attract more hydrogen molecules even in 
the low-pressure limit, and the geometric effect takes place. 
It turns out that GOF-120 possesses the largest gravimetric 
uptake in both low and intermediate pressure regimes. In the 
high-pressure limit, the maximum gravimetric uptakes of 
both GOF-66 and GOF-120 at 500 K are smaller than that of 
GOF-66 and GOF-120 at 77 and 300 K, and it is surprising 
to observe that GOF-28 still reaches the largest gravimetric 
uptake of 6.33 wt% at sufficiently high pressure. This could 
be explained from the fact that the very strong pressure pushes 
more hydrogen molecules toward the boundary of GOF-28 
and they become more likely to interact with the ligands. 
The adsorption characteristics of the proposed GOFs at dif-
ferent temperatures and pressures are summarized in Table 
7.3. However, it still poses a huge challenge for experimental-
ists to fabricate GOFs in a perfect form due to the formation 
of metal clusters inside GOFs although several experimental 
techniques have been developed to tackle the cluster forma-
tion problem [32].

7.4 CONCLUSION

In this chapter, continuous approximation and equations of 
state for both the bulk gas and adsorption phases deduced 
from statistical mechanics are used to calculate the total 
potential energies and the hydrogen uptakes for the double-
layered graphene sheets and GOFs, respectively. The zero-
order approximation results for the hydrogen storage between 
two parallel graphene sheets are shown to be consistent with 
several experimental and theoretical results which increase 
our confidence in using the present mathematical approach to 
investigate the hydrogen uptakes for GOFs. Unlike graphene 
sheets, where the geometric sizes of the graphene sheets 
determine their hydrogen adoption properties, unexpected 
effects occur in GOFs, where the extra induced energies and 
the geometric effects alternatively affect their adsorption 
properties depending on the combination of temperatures 
and pressures: For low and intermediate temperatures up to 
400 K and in the low-pressure limit, the extra induced energy 
dominates and the ligands do not merely act as mechanical 
support to the host structure but also enhance the hydrogen 
storage inside GOF-28. In particular, we determine 6.33 wt% 
for GOF-28 at 77 K and 1 bar. However, in the high-pressure 
limit, the geometric effect overrides the extra induced energy 
as hydrogen gas could be manipulatively squeezed into GOFs 
and GOF-120 turns out to have the largest hydrogen uptake. 
For temperatures higher than 400 K and in the low-pressure 
limit, the geometric effect takes place and GOF-120 becomes 
the ideal candidate for hydrogen storage. However, in the 
high-pressure limit, the extra induced energy overrides the 
geometric effect, and GOF-28 possesses the optimal stor-
age structure. The present approach adopted in this chapter 
is ready to be employed in other gases and nanostructures. In 
spite of the recent triumph for computational simulations in 
this area, the computational times increase dramatically in 
both temporal and spatial scales which limit their deductive 
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FIGURE 7.10 Total gravimetric uptakes for GOF-6, GOF-28, GOF-66, and GOF-120 at 300 and 500 K, and for pressure up to 800 bars.

TABLE 7.3
Table of Adsorption Characteristics for Different 
Temperatures and Pressures

Low 
Temperatures

Intermediate 
Temperatures

High 
Temperatures 
(t > 400 K)

Low-pressure limit 
(0–1 bar)

GOF-28 GOF-28 GOF-120

Intermediate pressure 
regime (1 bar–10 bars)

Mix Mix GOF-120

High-pressure limit 
(>10 bars)

GOF-120 GOF-120 GOF-28
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capacities. Applied mathematical approach presented in this 
chapter might provide supplements to the current computa-
tional simulations and provide better insights than those fun-
damental equations.
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8 Morphology of Cylindrical Carbon 
Nanostructures Grown by Catalytic 
Chemical Vapor Deposition Method

S. Ray, M. Jana, and A. Sil

ABSTRACT

Rolled graphene sheets result in cylindrical carbon nanostruc-
tures (CNSs) of different morphologies like single- and multi-
walled nanotubes, nanofibers, or tapes. In catalytic chemical 
vapor deposition (CCVD) method one may obtain all these 
morphologies of cylindrical nanostructures by decomposition 
of carbon bearing precursor gas on the surface of the  catalyst 
nanoparticles, followed by the formation of nanostructures. 
Depending on the size and composition of the catalyst par-
ticles as well as the prevailing growth conditions in the depo-
sition chamber including the flow rate of the carbon bearing 
gas, the growth of a specific morphology of cylindrical nano-
structure is favored. There are a large number of investiga-
tions using catalysts of nanoparticles of transition metals 
such as cobalt, nickel, iron, and their oxides. A number of 
other metals have also been used. Recent in situ investiga-
tions inside environmental transmission electron microscope 
(ETEM) and the molecular dynamic (MD) simulations have 
revealed the possible steps leading to the formation of CNSs. 
But still there are unresolved issues pertaining to the neces-
sity of surface melting of catalyst nanoparticles claimed to 
be responsible for substantial change in shape of the catalyst 
nanoparticles inside growing nanotubes and to the necessity 
of carbide formation as an intermediate step as well as the 
possibility of survival of oxide nanoparticles in the reduc-
ing environment during growth of nanostructures. There are 
diverse claims with regard to these issues based on experi-
mental findings by different research workers. The studies 
carried out so far indicate that one may produce cylindrical 
CNSs of specific morphology by CCVD method if one tai-
lors the catalyst nanoparticles and controls the growth con-
dition appropriately. However, more research is necessary 

to attain the capability of controlled production of a specific 
morphology, which is extremely important from technologi-
cal standpoint.

8.1 INTRODUCTION

Cylindrical carbon nanostructures (CNSs) of different mor-
phologies have been grown by catalytic chemical vapor depo-
sition (CCVD) method using catalyst nanoparticles of metals, 
alloys, and oxides on a wide variety of substrates inside a 
 reaction chamber maintained at an elevated temperature. 
Carbon-bearing precursor gas/vapor alone or mixed with 
other gases flow into the chamber at a given pressure where the 
precursor gas decomposes on the catalyst nanoparticles lead-
ing to the growth of nanostructures on it. Figure 8.1 [1] shows a 
schematic diagram of the experimental set-up used in CCVD.

Several experiments have been carried out by different 
research workers who have obtained nanostructures of dif-
ferent morphologies. Table 8.1 lists the outcome of some of 
these studies. The carbon nanostructures grown include cylin-
drical morphology such as single-walled carbon nanotube 
(SWCNT), multiwalled carbon nanotube (MWCNT), and 
carbon nanofiber (CNF)/nanotape.

CNSs, in general, include all the carbon entities at the 
nanoscale. There are different approaches used to classify 
CNSs. Based on dimensionality, the classification of CNSs 
is given in Table 8.2. The classification could be based on 
any criteria of interest in the context of specific applications. 
For the development of super capacitor, the arrangement and 
density of dangling bonds are important for the capacitance 
since the space charge at the edges of graphene basal sheets 
and the dangling bonds dominate the total capacitance of 
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these materials. Stoner and Glass [47] have put forward a 
classification of graphitic carbon-based materials includ-
ing nanostructures, on the basis of linear edge density per 
unit area, ρL, as shown in Table 8.3. The table starts with 
highly oriented pyrolytic graphite having basal planes on the 
surface (HOPGB) and one-dimensional (1D) edges at grain 
boundaries and steps, have density lower than 10 cm−1 but 
the density increases to the range between 106 and 107 cm−1 
when the surface is textured with the edges (HOPGE). The 
spatial arrangement of the edges is still planar. Textured 
nanosheets have a high density of edges but the edges are 
still not arranged spatially in three dimensions as in acti-
vated carbon (AC), which is a mixture of powders having 
exposed surface of edge and basal planes. Edge density in 
carbon nanotubes (CNTs) is similar to fibers and nanorods 
but on texturing the fibers, edge density could be increased. 
If the CNTs are aligned (a-CNT) and the edges are arranged 
in 3D (three dimension), edge density could be increased to 
as high as 105 cm−1 but it is still lower than that in AC. The 
edge density in aligned CNTs could be increased further if 
there are periodic rings around, as it happens in bamboo 
CNTs (b-CNT). The edge density could be increased to as 
high as 1010 cm−1 in aligned graphenated CNTs (g-CNT), 
since the edges are arranged in 3D. The spatial arrange-
ment of the edges is extremely important in determining 
its density, and  various graphitic carbon-based materials 

are represented on an edge triangle as shown in Figure 8.2 
[48], where the corners show maximum density for a given 
dimension of the spatial arrangement of edges. The edge 
density varies from 100 at the 1D corner to 1010 as indicated 
by dotted curved lines marked with the value of exponent. 
The edge density of 1D arrangement of edges is lower than 
that in 2D but 3D arrangement has the maximum density, as 
is evident from Table 8.3.

It is possible to attain still higher edge density in g-CNTS if 
the CNT columns could be joined across by edges and it will 
have the claim to occupy the 3D corner position, marked with 
question, till its development.

The present review is limited to cylindrical morphologies 
of CNS grown by CCVD method. One would like to under-
stand the precise conditions, under which the growth of a 
specific cylindrical morphology is favored over others even 
within the ambit of a given deposition method like CCVD. 
However, the primary obstacle to consolidating these results 
to a precise understanding is the inadequate reporting of the 
conditions under which the experiments have been carried out 
as is evident from Table 8.1.

The source of carbon for the growth of nanostructures 
by CCVD is either a carbon-bearing gas or liquid vapor. 
Ethylene, acetylene, methane, carbon monoxide, and ethanol 
are the most commonly used sources of carbon [49]. Methane, 
carbon monoxide, and ethanol vapor are often used for grow-
ing SWCNT. The decomposition of these carbon-bearing 
compounds in the reaction chamber of CCVD also produces 
hydrogen and oxygen, which influence the morphology of 
nanostructures growing from carbon. Bachmann et  al. [48] 
have tried to correlate the morphology of carbon obtained 
in various major CVD processes with the specific interest to 
identify the relative proportion of constituent carbon, hydro-
gen, and oxygen in the flowing gas mixture, which favors the 
growth of diamond films. The results on morphology have 
been plotted in a ternary C–H–O map as shown in Figure 8.3a. 
The three corners of the diagram represent carbon, hydrogen, 
and oxygen flowing alone and the lines joining any two cor-
ners represent the ratio of standard volume in terms of the 
corner elemental species (denoted by C, H, and O) flowing 
per unit time to the standard volume flow rate of both the spe-
cies as XH/∑ = H/(C + H), varying along the line joining car-
bon and hydrogen corners and so on, as shown in Figure 8.3a. 
There is CO line representing a mixture of CO with hydrogen 

TABLE 8.2
CNSs and Their Dimensionality

Dimensionality Zero Dimensional One Dimensional Two Dimensional Three Dimensional

CNSs Fullerenes: C60, C70;
Higher fullerenes: C76, 
C78, C82, C94, C96;

concentric shelled 
onion

Nanotubes: single-walled (SWCNT); 
double-walled (DWCNT); 
multiwalled (MWCNT); bamboo 
structures;

Nano fibers (CNF);
Nano tapes;
Double helices;
Nanobraids

Graphene; diamond 
films

Nano-crystalline 
diamond; fullerite

Gas outlet

Substrate

Inert gas

Tube furnace

Carbon
source

FIGURE 8.1 Schematic diagram of a typical CCVD set-up. 
(Reprinted with permission from Oncel, C. and Yurum, Y. 2006. 
Fullerenes, Nanotubes, and Carbon Nanostructures 14:17–37.)
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and their relative amounts in the flowing gas vary along the 
line. Similarly, there are lines representing mixtures of acety-
lene, ethylene, and the like with oxygen. In this diagram, the 
boundary of the domain for diamond growth has been identi-
fied separating it from non-diamond carbon growth on one 
side and no growth region on the other.

The authors, apart from revealing the influence of con-
stituents of gas mixture on morphology, have also demon-
strated an interesting rational approach for consolidating the 
results into a map but ignoring other important parameters 
including the temperature and pressure, as many investiga-
tors failed to report these parameters. Some of the results 
on the morphology of CNS reported in Table 8.1 are from 
experiments using gas mixture with elemental constituents 
of carbon, hydrogen, and nitrogen. It is thus possible to con-
solidate the results in a C–H–N ternary diagram following 
the approach of Bachmann et al. [48] in order to separate the 
regions favoring the growth of specific cylindrical morphol-
ogy. In Table 8.1 there are blank columns indicating missing 
information in a given study. Elemental constituents of the 
gas mixture may not be adequate in determining the mor-
phology and, the temperature, pressure, and the chemical 
nature of the catalyst may have important roles in influencing 
the morphology of CNS. The results of McCaldin et al. [39] 
clearly bring out the influence of temperature in Figure 8.3b. 
However, apart from temperature and the chemical nature of 
the catalyst, there may be other variables that are important 

TABLE 8.3
Microstructural Classification of CNS Based on Linear Edge Density of Dangling Bonds

Structure Schematic Examples Description Edge Density (ρL in cm−1)

HOPGB (basal plane textured) Low charge density. Primarily graphene basal 
plane exposure. Edges are 1D structures at grain 
boundaries or steps

<10

Graphite, SWNT, MWNT Mostly basal plane exposure with moderate density 
of 1D edges exposed via steps or grain boundaries

10−103

Textured fibers Mixture of edge and basal plane exposure. The 
edge exposure is organized along the length of the 
tube or fiber

10−105

Nanosheets (NS) Textured graphene nanosheets with both edge and 
basal plane exposure

104−106

HOPGE (edge-textured) Mostly edge exposure of graphene or nanosheets 
packed into a 2D array

106−107

Activated carbon (AC) Mesoporous structures organized into a 3D 
network of particles with mixture of edge and 
basal planes exposed

106−109

Aligned CNTs (a-CNT) Mostly basal, plane exposure, organized in 3D via 
vertically aligned CNTs

10−105

Bamboo CNTs (b-CNT) Similar to a-CNTS, but with rings or edge defects 
around the circumference due to periodic 
bamboo-like sections

10−109

Graphenated CNTs (g-CNTs) Graphene foliates with both edge and basal plane 
exposure, depending on density of foliates, 
organized in 3D structure

107−1010

Source: Stoner, B. R. and Glass, J. T. 2012. Diamond and Related Materials 23:130–4.

2D
HOPGE

SWNT,
MWNT

HOPGB

1D 3D

Fibers and 
nanorods
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Activated
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g-CNT

a-CNT b-CNT
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8
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500 nm

FIGURE 8.2 Classification of CNSs in a ternary map based on 
dimensional organization of dangling bonds and their micrographs 
as observed under SEM/TEM—(i) nanosheets (NS), (ii) AC, (iii) 
aligned CNT, (iv) bamboo structured CNT, (v) graphenated aligned 
CNT with increasing foliate density from (a) to (c) in the map, and 
(vi) fibers and nanorods. Dotted curved line gives logarithm of lin-
ear iso-density contour of dangling bonds indicated by number with 
density in units of cm−1. (Reprinted with permission from Stoner, B. 
R. and Glass, J. T. 2012. Diamond and Related Materials 23:130–4.)
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in deciding the morphology. The present review is an attempt 
to identify those variables and present a holistic picture iden-
tifying the gaps.

8.2 STRUCTURE OF CYLINDRICAL CNS

The structure of the tube could be characterized in terms 
of the arrangement of the hexagons in the tube as shown in 
Figure 8.4 [50].

A more general description of the structure may be given 
by an imaginary construction shown in Figure 8.5 [51]. If one 
unfolds the cylindrical tube after sectioning along the dotted 
line at the end of the circumferential vector AA′ as shown in 
the figure of the tube and maps it by matching the hexagons on 
a hexagonal mesh, the mapped circumferential vector AA′ in 

the unfolded sheet is limited by the extended boundary lines 
AB and A′B′. The vector Ch = AA′, is called chiral vector, and 
the chiral angle θ is the angle that strip direction (parallel 
to the tube axis) makes with the closest C–C bond direction. 
Both the chiral vector and the chiral angle characterize the 
structure of the tube. The magnitude of Ch gives the width of 
the strip and θ gives the direction. If A and A′ and B and B′ 
are equivalent sites then the tube is seamless and the tube con-
tains only hexagons exclusively. In terms of the two vectors 
�
a1 and 

�
a2 of the hexagon one may write, 

� � �
C na mah = +1 2 . The 

set of numbers (n, m) characterizes the atomic arrangement 
of the CNT and determines its metallic, semiconducting, or 
semimetallic properties. When chiral vector is such that ||m–
n|| is 3k, when k is an integer, the SWCNT is metallic and it is 
semiconducting when ||m–n|| = 3k ± 1. The values of (n, m) for 
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FIGURE 8.3 (a) Composition of flowing gas influencing the morphology of carbon in CVD (Reprinted with permission from Bachmann, 
P. K., Leers, D., and Lydtin, H. 1991. Diamond and Related Materials 1:1–12.) and (b) temperature influencing the morphology of cylindri-
cal CNS. (Reprinted with permission from McCaldin, S. et al. 2006. Carbon 44:2273–80.)
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a tube may be determined from the peaks of optical absorp-
tion spectra due to electronic transitions between pairs of van 
Hove singularities of semiconducting and metallic SWCNTs 
[52]. There is a connection between the set (n, m) and the 

diameter d of the CNT: d a m mn n Cc c h= + + =– [ ( )]3 2 2 1 2/ / /| |π π
�

 
where ac−c is the length of carbon–carbon bond.

If the unfolded graphene strip has tube axis parallel to a 
set of C–C bonds (θ = 0°), the tube has “zigzag” structure 
as shown in Figure 8.4b and the CNT is characterized by (n, 
0) for any positive integer n. If the unfolded strip has tube 
axis perpendicular to a set of C–C bonds (i.e., θ = ±30°), the 
tube has “armchair” structure as shown in Figure 8.4a and 
the CNT is characterized by (n, n). Both types of tubes are 
called “achiral” tubes so as to distinguish them from “chi-
ral” tubes, which have an arbitrary chiral angle, θ, between 0° 
and ±30°. In the achiral tubes, the carbon atoms are densely 

arranged either along a circle perpendicular to the tube axis or 
along the lines parallel to the tube axis while in chiral tubes 
the carbon atoms are densely arranged along helices, justify-
ing the name chiral. The structural description in terms of 
chiral vector and chiral angle is adequate for SWCNT. But 
for MWCNT, which is an assembly of coaxial tubes, all the 
tubes in the assembly may have the same chiral angle to make 
them “isochiral” or the tubes may have different chiral angle 
making them “polychiral.” There are three types of models 
proposed for multiwalled tubes—(i) coaxial cylinders with 
circular cross section, (ii) coaxial cylinders with polygonal 
cross section, and (iii) single graphene sheet folded in scroll. 
The model of cylindrical coaxial tubes of graphene sheets is 
consistent with most of the observations. However, it has been 
argued that serpentine carbon fibers have scroll-type structure 
and this question could not be settled on the basis of diffrac-
tion results alone.

The multiwalled tubes of coaxial cylinders with circu-
lar cross section when viewed normal to the tube axis will 
appear as assembly of parallel folded graphene sheets with 
spacing c/2 and the circumference of successive tubes will 
differ by πc, corresponding to eight to nine additional rows 
of hexagons parallel to tube axis in each successive outward 
layer compared to an adjacent inner layer, depending on the 
chiral angle. Since each successive sheet nucleates over an 
inner layer in random locations the local structure in a vol-
ume element will be disordered to an extent. The diffraction 
response of electron beam along the normal will result in 
sharp spots 00.l (l = 2, 4, … .) and these will not be affected 
by turbostatic or translational disorders. The hk.0 spots may 
be streaked along the nearest [00.l] directions as a result of 
1D disorder while the streaking of these spots tangent to the 
circles is attributed to diffuse coronae in planes perpendic-
ular to tube axis as shown in Figure 8.6a [53]. For achiral 
tubes, the incident beam normal to the tube axis will see par-
allel hexagons at the top and the bottom across the tube and 
hexagonal pattern of hk.0 spots will be formed. However, for 
chiral tubes, the spots from the top and the bottom will not 
coincide. Since the hexagon at the top and the bottom will 
now differ by twice the chiral angle, 2θ, the pattern of spots 
will be superposition of those coming from the top and the 
bottom as shown in Figure 8.6a for θ = η. The streaking of 
hk.0 spots outward may also be due to decreasing of apparent 
interplanar spacing with increasing inclination of the inci-
dent beam away from the tube axis, which may be indicated 
by shifting of the spots with increasing inclination of the 
incident beam from the normal to tube axis obtained by tilt-
ing the specimen as shown in Figure 8.6b. The spots marked 
by A and B move closer with increasing tilt and become one 
in Figure 8.6b(iv) when the tilt is 10°. Similarly, the spots C 
and D approach each other and become one at a tilt of 30° in 
Figure 8.6b(vi).

High-resolution transmission electron microscopy 
(HRTEM) has been employed to examine the structure 
of cylindrical multiwalled nanotubes. Most high-resolu-
tion images of multi-walled tubes exhibit (0002) fringes 

(a)

(b)

(c)

FIGURE 8.4 Models for different types of single-shell nano-
tubes—(a) armchair tube, (b) zigzag tube, and (c) chiral tube. 
(Reprinted with permission from Dresselhaus, M. S., Dresselhaus, 
G., and Saito, R. 1995. Carbon 33:883–91.)
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FIGURE 8.5 Mapping of the unfolded CNT to characterize its 
structure to define chiral vector Ch and chiral angle θ. (Reprinted 
with permission from Amelinckx, S., Lucas, A., and Lambin, 
P. 1999. Reports on Progress in Physics 62:1471–524.)
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clearly spaced at d0002 = 0.34 nm as shown in Figure 
8.7a. Sometimes, in predominantly achiral tubes one may 
observe 1010 fringes with spacing of 0.21 nm as shown in 
Figure 8.7b.

The defects in multiwalled tubes such as anomalous 
spacing, dislocations, bends, and terminating caps may be 
observed by HRTEM. For a detailed understanding of the 
electron diffraction pattern and HRTEM images of the cylin-
drical CNT, the reader is referred to the review by Amelinckx 
et al. [51].

8.3  THEORETICAL STUDIES ON THE 
FORMATION OF CNS

There are a number of molecular dynamics (MD) simulation 
studies that reveal the atomic picture of the initial stages of 
growth and a summary may be obtained in the review article 
by Yu et al. [54]. Gomez-Gualdron et al. [55] have carried out 
MD simulation using a classical reactive force field and fol-
lowed the evolution of graphitic carbon rings at the interface of 
the nanoparticles of nickel catalyst providing a hexagonal tem-
plate of stable void sites. In the conclusion of this study, it has 
been stated that the growth of cylindrical nanotube takes place 
in the following steps: (1) carbon dissolution into the metal 
catalyst nanoparticle, (2) carbon segregation on the nanopar-
ticle surface, (3) formation of chains, isolated rings (usually 
branched), and concatenated rings (usually branched) on the 
metal surface, (4) “merging” of carbon rings to form a cap, 
(5) lifting-off of the cap from the substrate, and (6) incorpora-
tion of carbon to the rim of the cap at the nanoparticle surface 
leading to a growing tube. Thus, the process conceived is dis-
solution of the carbon in the catalyst nanoparticle and their 
precipitation in the form of nanostructures of chains, isolated 
ring, and concatenated rings. Generally, chains form earlier to 
rings, which forms before concatenated ring and it becomes 
more apparent in catalyst particles of larger surface area. The 
adhesion between the substrate and the nanoparticle of the cat-
alyst influences the number of carbon chains/rings formed. For 
the catalyst of a nickel cluster of 32 atoms initially annealed 
for 0.5 ns, 15 carbon atoms deposited on it, result in two chains 
(C11 and C4) when the energy of adhesion between the substrate 
and the catalyst, Eadh, is −1.39 eV while three chains form (C6, 
C5, and C4) when Eadh = −0.16 eV. Higher mobility of metal 
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FIGURE 8.6 (a) Typical electron diffraction pattern of the multiwall polychiral CNT and (b) evolution of an electron diffraction pattern on 
tilting the specimen about an axis perpendicular to the tube axis. (Reprinted with permission from Amelinckx, S., Lucas, A., and Lambin, 
P. 1999. Reports on Progress in Physics 62:1471–524; Zhang, X. B. et al. 1994. Ultramicroscopy 54:237–49.)
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2.7 nm
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FIGURE 8.7 (a) Basal plane lattice fringes of multiwall tube 
(Reprinted with permission from Amelinckx, S., Lucas, A., and 
Lambin, P. 1999. Reports on Progress in Physics 62:1471–524.) 
and (b) high-resolution image of curved fringes of 0.21 mm spac-
ing inside the tube, resolved next to the basal fringes of 0.34 mm 
spacing. (Reprinted with permission from Amelinckx, S., Lucas, A., 
and Lambin, P. 1999. Reports on Progress in Physics 62:1471–524; 
Zhang, X. B. et al. 1994. Ultramicroscopy 54:237–49.)
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atoms at lower adhesion creates more favorable sites for the 
formation of clusters of carbon. These rings and chains merge 
to result in a fullerene cap. If one cuts fullerene C60, through an 
equatorial plane normal to the fivefold symmetry, there are six 
pentagons in each of the hemisphere and C70 forms by adding 
a belt of hexagons at the equator. A single-walled nanotube is 
formed by having the top hemisphere followed by continuing 
addition of hexagons in cylindrical belt [51].

Simulation studies by Gomez-Gualdron et  al. [55] also 
reveal the influence of pregrowth annealing time of the 
catalyst and the adhesion between substrate and the catalyst 
nanoparticle on the chiral angle. For relatively weak metal–
substrate adhesion (−0.16 eV < Eadh < −0.43 eV) there is a 
tendency to favor near-armchair nanotubes particularly for 
larger pregrowth annealing times. However, at shorter pre-
growth annealing times within this range of adhesion, there 
is a tendency to form near-zigzag nanotubes. At higher adhe-
sion between the catalyst particle and the substrate (−0.70 
eV < Eadh < −1.39 eV), simulations using Ni32 resulted mostly 
in near-zigzag nanotubes but the quality is relatively poor. 
The chirality trends are better expressed in catalyst particles 
of intermediate size (Ni80) than at smaller sizes (Ni32).

Gomez-Gualdron et al. [55] have investigated the lifting 
of the cap by the addition of carbon atoms at the rim of the 
cap in contact with the metal nanoparticle and the tube grows 
by root growth mechanism. Their study indicates that (i) 
there is correlation between nanotube diameter and the size 
of catalyst nanoparticle, (ii) cap lift-off takes place faster for 
stronger catalyst particle–substrate adhesion, and (iii) there 
is change in the shape of catalyst metallic nanoparticle dur-
ing the growth of nanotube, which is more for weaker par-
ticle–substrate adhesion as revealed by change in height of 
the mass center of the catalyst particle. A strong adhesion 

limits the mobility of the atoms in the catalyst particle. There 
is also the presence of capillary forces, which may over-
come adhesion allowing the particle move inside the tube. 
Now, from these studies, it appears that the carbon atoms, 
adsorbed on the surface are involved in rearranging them-
selves at the initial stage leading to the formation of the cap. 
Yet, Gomez-Gualdron et al. [55] talk about dissolution as the 
first step of the sequence of steps leading to the formation 
of nanotube. If dissolution is considered, the question about 
the state of atoms on the surface of the catalyst nanoparticle 
of metal is relevant as it decides the extent of carbon dis-
solution. Are they in solid state or liquid state? Also, solid 
state diffusion will be relatively slow compared to that in the 
liquid state. If the first step is adsorption on the solid surface 
followed by interaction between the adsorbed carbon atoms 
and the metal atoms of the template, that is, the surface of the 
metallic nanoparticle, then the scenario of arrival of large 
number of carbon atoms at a faster rate due to decomposition 
of carbon-bearing gas in the gas mixture may easily lead to 
the deposition of carbon over the catalyst nanoparticles, com-
monly called carbon nanobeads and the growth of cylindrical 
nanostructure will be prevented. However, the assumed pro-
cess of dissolution will introduce a mechanism of transport 
away from the surface to inside the nanoparticle of metallic 
catalyst and the formation of nanobeads may take place at a 
relatively higher rate of decomposition/deposition. The rate 
of transport of carbon atoms from the surface will be higher 
for liquid state as the diffusion coefficient will be relatively 
higher than that in solid state. Yu et  al. [54] have carried 
out MD simulation using a jellium model for the catalyst of 
metallic nanoparticle, where the solid state atomic arrange-
ment is obliterated and it is observed that there is formation of 
cap and nanotube as shown in Figure 8.8. Thus, the necessity 
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FIGURE 8.8 (a) A schematic presentation of the jellium model. The background in the sphere represents the jellium medium and the 
circles represent C atoms. (b) C154 cluster with initial random configuration (top), annealed at 1300 K and slowly cooled down to 0 K in 
vacuum (bottom left) and in the jellium medium (bottom right), respectively. The open-end of the tubular-like structure is marked by dark 
color. (Reprinted with permission from Yu, M., Wu, S. Y., Jayanthi, C. S. 2009. Physica E 42:1–16.)
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of an atomic template on the surface of catalyst may not be 
an essential requirement for the formation of hemispherical 
cap of carbon.

An initial random configuration of 154 carbon atoms 
annealed at 1300 K are allowed to cool down to 0 K while 
evolving in vacuum in the presence of jellium particle of 
metallic catalyst as explained schematically in Figure 8.8. 
There is an optimized charge transfer of 0.1e from jellium 
to carbon and it is substantially more near defects. A pen-
tagon is more stable in jellium and the cluster evolved to 
an open tubular structure where there is significantly more 
charge transfer between the jellium and the carbon atoms 
at the open end. However, in vacuum the random cluster 
evolves into a more compact cluster. Shibuta and Maruyama 
[56–58] have carried out individually and together a number 
of MD simulation studies, and in their study of carbon and 
nickel atoms clustering together, tubular growth has been 
observed during cooling because metal atoms present at the 
open end of the carbon cluster prevent its closure to become 
a  compact fullerene kind of cluster. Thus, it appears that 
the tube nucleation starts with the formation of a fullerene 
type of hemispherical cap and the required pentagons for 
this purpose, are more stable on the catalyst nanoparticle of 
metal. However, a more crucial role of the catalyst nanopar-
ticle involves substantial charge transfer of carbon to metal 
atoms at the open end paving the way for tubular growth by 
further addition of hexagons of carbon at this end. It may be 
remembered that even after a layer of hexagon is added to 
the hemisphere, the closure could take place leading to C70. 
The presence of metallic catalyst does not allow this closure 
so that tubular growth may continue and it happens by metal 
atoms forming a local metal–carbon binary structure to 
cause increased charge transfer from carbon to metal at the 
end but these metal atoms could move forward and remain 
situated at the end when new carbon atoms join the hexago-
nal mesh for axial growth. This role of the catalyst demands 
some mobility of metal atoms to fulfill its catalytic role. The 
simulation studies outlined above also indicates that forma-
tion of hexagonal sp2 bonded carbon cluster may not require 
any structural template as it forms in the absence of cata-
lyst in fullerene type of compact closed structure. Shibuta 
and Elliot [59] observed that graphene bonds broken due to 
impact of the crystalline metal surface reformed readily on 
Ni (111)fcc and Co (0001)hcp surfaces but not so readily on 
Fe (100)bcc surface and claimed that there is some epitaxial 
effect of close packed 2D (two-dimensional) surface. The 
study of interaction between graphene and metal indicates 
relatively strong interaction between carbon and iron so as 
to create a surface with energy twice that of those form-
ing with either cobalt or nickel, out of which nickel forms 
the lowest energy surface, providing better epitaxial effect 
to form graphene sheet. Monte Carlo simulation [60] shows 
that this interaction has consequence in the growth of nano-
tube and strong carbon–metal interaction leads to double-
walled tube while weak interaction results in single-walled 
nanotube. However, if the tubular growth is taking place at 

the rim of the lifted cap in contact with metal cluster by 
addition of carbon, the epitaxial effect of the metal surface 
may not be relevant at that stage and the consequence of 
the epitaxial effect will be on the structure of the cap, to 
which tubular growth has to conform. It is interesting to 
observe that the jellium model for the metal cluster smear-
ing its atomic arrangement, could still lead to the formation 
of hexagonal mesh and tubular growth as it could still allow 
charge transfer.

The simulation studies reported above examine either 
carbon from vapor phase clustering on the surface of cata-
lyst nanoparticles of metal during cooling or both carbon 
and metal atoms in the vapor phase cooling to binary clus-
ters. These pictures do not correspond to the scenario of VLS 
(vapor–liquid–solid) theory requiring the presence of three 
phases. The metal cluster, which forms on cooling binary 
mixture of metal–carbon vapor, may have an intermediate 
state of liquid marked by short-range order in the absence 
of long-range order. However, no attention has been given to 
determine the state of matter in the metal cluster as the vapor 
is cooled from high temperature.

Nanoparticles of metal particles have interesting melting 
behavior marked by size-dependent melting point depres-
sion and also by surface melting over a solid core caused 
by surface curvature and high surface area to volume ratio. 
The melting behavior is thus distinctly different from bulk 
metals. It is well established that melting temperature of 
nanoparticle decreases with decreasing size, which is deter-
mined by the number of atoms in the particle. Theoretical 
investigations on thermodynamic model of size-dependent 
melting of nanoparticles have been reviewed by Nanda [61] 
and three different models are proposed so far—(a) homoge-
neous melting (HMM), (b) liquid nucleation at the surface 
and its growth to consume the solid core (LNG), and (c) liq-
uid skin melting (LSM) and the results of estimated melting 
temperature with size for each of these models are shown in 
Figure 8.9.

The prediction of LSM model matches better for the exper-
imental results on tin nanoparticles [62,63]. Thermodynamic 
considerations suggest that melting may start at the surface 
as a skin, when γSV exceeds sum of γLV and γSL where γ is 
the interface energies between the phases indicated by S, 
L, and V in the subscript, respectively, for solid, liquid, and 
vapor phases. In other words, the change in interface energy, 
Δγ = γSV – (γLV + γSL) > 0. For gold, tin, and lead, Δγ is posi-
tive and during heating, the melting starts at the surface at 
temperatures lower than the bulk melting temperature. The 
thickness of the molten skin increases with increasing tem-
perature till the entire particle melts. MD simulation of melt-
ing behavior has been carried out for a number of metals and 
alloys including some transition metals. Before the study of 
melting of nanoparticle, there is need to address the follow-
ing issues: (i) how can we recognize the signature of melt-
ing and solidification in a cluster of atoms, and (ii) what is 
the structure of the solid corresponding to the global mini-
mum of energy? Melting/solidification is a first-order phase 
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transition accompanied by a discontinuous change in enthalpy 
and there should be a corresponding sharp peak in heat capac-
ity. MD simulations evaluate heat capacity by the following 
expression:
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E E
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where < > indicates average at temperature T, n is the num-
ber of atoms in the cluster, and kB is the Boltzmann constant. 
Further, one also looks for an abrupt change in Lindemann 
index, a measure of rms (root mean square) bond fluctuation, 
evaluated by
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where rij is the bond length between atoms marked i and 
j. Qi et  al. [64] have carried out MD simulation for the 
melting of nickel clusters and observed that the melting 
temperature decreases more or less linearly with N(−1/3) as 
shown in Figure 8.10, when N is the number of atoms in the 
fcc cluster.

The interface energies of bulk nickel indicate that 
Δγ = −2 mJ m−2 and so there should not be surface melt-
ing. But Qi et al. [64] have observed that interface energies 
change with the size of particle and Δγ becomes positive 
leading to a liquid-like skin at the surface indicating  surface 
melting. These authors have also observed that for clus-
ters larger than 500 atoms, the latent heat of melting also 
decreases with size as N(−1/3). Interestingly, there is a size of 
cluster for which the latent heat becomes zero and it leads to 
a phase transition spreading over a finite temperature range 
because of size-dependent liquid skin and thermodynamic 
fluctuations.

The size-dependent melting of nanoparticles leads one to 
expect that the diffusion rate of carbon in the cluster of atoms 
in the catalyst may also depend on their size. Thus, it appears 
that the size of catalyst particle has important bearing on 
the mode of assimilation of carbon atoms decomposed from 
carbon-bearing precursor gas. Depending on the size, if the 
cluster has solid bulk-like compact structure, there may be 
surface adsorption primarily, whereas in a cluster with liquid-
like structure there is likely to be dissolution of carbon inside. 
If the rate of arrival of carbon to the growing nanotube is more 
than that required to sustain growth rate, there is deposit of 
amorphous carbon on the surface of the growing tube. If the 
rate of decomposition is so high that the rate of deposition of 
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FIGURE 8.9 (a–c) Different hypothesis of melting of nanopar-
ticles, and (d) melting temperature of nanoparticles of diameter D 
following the three hypotheses. (Reprinted with permission from 
Nanda, K. K. 2009. Pramana-Journal Physics 72:617–28.)
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carbon on the catalyst is more than the rate of its assimilation 
inside, there will be loose deposit of carbon on the catalyst 
surface leading to the formation of nanobeads as observed 
commonly. If there is any role of catalyst particle in decompo-
sition, this role is impaired with the formation of carbon cover 
as the accessibility of precursor gas to the particle decreases. 
Surface melting may be helpful in faster assimilation of car-
bon by dissolution depending on solubility of carbon in the 
catalyst and the thickness of the molten layer, both of which 
may possibly depend on size and temperature. Thus, the size-
dependent structural state within the catalyst particle at the 
prevailing growth temperature may be immensely important 
for the growth of cylindrical nanostructure.

The growth of nanotube is essentially the organization 
of carbon atoms assimilated within the metal cluster but 
molecular simulation studies have confined it to the surface 
of metal cluster of nanometer size leading to cap formation 
and its lift-off by addition of hexagonal mesh of carbon atoms 
in the rim. It does not allow carbon atoms inside the clus-
ter to capture the difference in scenario for the evolution of 
different morphologies such as SWCNT, MWCNT, or CNF. 
However, the adhesion between the catalyst particle and the 
substrate delays lift-off of the cap as shown in Figure 8.11 
but in addition, it has been claimed that in the limiting cases 
of strong and weak adhesion one observes the two reported 
modes of growth—root growth and tip growth as shown in 
Figure 8.12a. For the tip growth, there is no supporting simula-
tion showing energetic feasibility of bending graphene sheets 
without a cap. The cap easily bends hexagonal mesh to a cyl-
inder as observed for C70 molecules as well. MD simulation 

results [65–68] demonstrate a cap formation to be a neces-
sary step for nanotube growth, which is contradicting the tip 
growth mechanism proposed. If one could conceive of cap 
formation separating the substrate and the catalyst particle by 
transport of carbon through the liquid phase of the catalyst 
at its surface, one could explain bending of graphene to form 
wall of a tube as well as movement of catalyst by capillary 
action during growth. The feasibility of this scenario needs to 
be examined. Figure 8.12b shows an interesting schematic of 
growth incorporating periodic formation of cap so as to result 
in bamboo structured CNT [69].

8.4 MORPHOLOGY OF CNS BY CCVD METHOD

The three methods used extensively for the synthesis of CNS 
are arc discharge [70,71], laser ablation [72], and CCVD [73]. 
While arc discharge and laser ablation grow CNS by evapo-
rating graphite, CCVD method described briefly at the begin-
ning, involves thermal decomposition of the precursor, carbon 
bearing vapors or gases, leading to nucleation and growth 
of CNS on a catalyst nanoparticle and it is the most popu-
lar method for producing CNS because of its low cost and 
scalability for mass production [19]. There are several varia-
tions of CCVD method. The pyrolysis of a suitable compound 
vapor at a suitable temperature liberates metal nanoparticle 
in situ, acting as the catalyst for CCVD and such a process is 
known as floating catalyst method. Alternatively, catalyst par-
ticles may be formed by heating thin film of catalyst metal on 
a substrate so that the film balls up into nanoparticles, which 
may be used as catalyst for CNS growth.

Eadh = −0.16 eV Eadh = −1.39 eVEadh = −0.70 eVEadh = −0.43 eVEadh = −0.26 eV
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FIGURE 8.11 The simulated growth showing the CNS formed (gray atoms) after 0.5 ns on metallic nanoparticle (dark atoms) annealed 
for 0.10 ns, adhering to a substrate for increasing adhesion energy from left to right and for increasing size of the metallic nanoparticle from 
top to bottom. (Reprinted with permission from Gomez-Gualdron, D. A. et al. 2012. ACS Nano 6:720–35.)
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The first step toward the formation of a CNS is the release 
of carbon from a source or precursor material. Except meth-
ane, the decomposition of commonly used precursors is 
exothermic and these are less stable than graphite at all tem-
peratures. The decomposition of ethylene, acetylene, and eth-
anol is thermodynamically feasible at all temperatures under 
atmospheric pressure and takes place when there is adequate 
kinetic activation. It is not clear whether catalyst nanoparticles 
have any contributing role toward this activation. It has been 
claimed that methane adsorbs on the surface of iron nanopar-
ticles, which also catalyzes decomposition of this gas during 
growth of SWCNT [52]. Methane is more stable than graphite 
till 700°C and thermodynamic feasibility of its decomposi-
tion is only above this temperature. Carbon monoxide, often 
used for growing SWCNT over Co, Ni, or Fe [52], is more 
stable than graphite above 700°C. However, the equilibrium 
decomposition temperature may change with changing partial 
pressure of the gases involved in the reaction [49].

The metallic nanoparticles, which act as catalyst, could be 
categorized as those with no tendency to form stable carbide 
and those which are carbide formers. The solubility of carbon 

in the bulk metals, which do not form stable carbides, is not 
very large at typical growth temperatures. Nanoparticles of 
transition metals such as Co, Ni, Fe are the most commonly 
used catalyst in CCVD for the growth of CNT. Using larger 
nanoparticles (size > 3 nm), MWCNT has been grown on cat-
alyst nanoparticles of Na, K, Cs, Mg, Al, Mn, In, W, Ti, Pd, Pt, 
and Au [31,38]. SWCNT was grown using smaller nanopar-
ticles of late transition metals—Pd, Pt, and Ru [10,15]; noble 
metals—Cu, Ag, and Au [8,10,11]; early transition metals—
Mn, Cr, Mo [9,74,75]; elements of the carbon family—dia-
mond, Si, Ge, Sn, and Pb [14,23,75]; lanthanides—Gd and 
Eu [76]; and compounds—FeSi2, TiC, SiC, SiO2, Al2O3, TiO2, 
Er2O3, and ZnO [16,17,22,23,35,36]. At 700°C, the limit of 
solubility of carbon is below detection limit in Zn, 0.01 at% in 
Cu, 0.3–0.5 at% in Ni, 1.2 at% in fcc Co, and 0.1 at% in bcc 
iron. In fcc iron at higher temperature, the solubility of carbon 
increases substantially (4 at% at 800°C) [49]. For the growth 
of nanostructures, a small solubility of carbon in the catalyst 
may be adequate but a high rate of diffusion of the dissolved 
carbon is relevant for reasonable rate of growth. Iron, nickel, 
and cobalt form  carbides that decompose at lower tempera-
tures but Ti and Mo are strong carbide formers. But the behav-
ior of metals toward carbon, in terms of solubility and the rate 
of diffusion may change substantially from that of bulk, when 
size decreases to nanometer range and the arrangement of 
atoms starts deviating from that of bulk, often leading to a 
change in structure of the nanoparticle as well.

Mixed catalysts and alloys [77] have also been used in 
CCVD. Liquid state offers a higher rate of diffusion. However, 
the solubility in nanoparticles and melting temperatures are 
significantly different from that of bulk. The catalyst and its 
melting could have a role in deciding morphology of the nano-
structure growing over it.

In Section 8.2 it has already been explained that the struc-
ture of the SWCNT is characterized by chirality, which deter-
mines the electronic properties of the tube. Chirality is related 
to the diameter of the tube, which is believed to be related to 
the size of the catalyst nanoparticle over which it is growing. 
Zhu et  al. [78] has used HRTEM images to find a correla-
tion between the chirality of the nanotube and the structure of 
the catalyst nanoparticle. There are attempts to grow tubes of 
controlled chirality by controlling the size of the catalyst but it 
is yet to succeed. Liu et al. [79] have grown tubes of controlled 
chirality by separating the seed tubes of the desired chiral-
ity by DNA-based method, for their further growth to long 
SWCNTs of known chirality. The chirality (7, 6) was grown 
on quartz substrate using methane while (6, 5) was grown on 
the same substrate using either methane or ethanol vapor. The 
armchair SWCNT (7, 7), which is metallic, was grown on 
both quartz and Si/SiO2 substrates [79].

The catalytic growth of CNSs takes place by dissolution 
of carbon and their precipitation on a moving catalyst par-
ticle surface [80], yet there is no unanimity on CNS growth 
mechanism. However, interesting new experiments provide 
considerable insight toward a better understanding of the 
growth of CNS.
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FIGURE 8.12 Catalytic growth model for CNS for (a) weak inter-
action (tip-growth (i)), strong interaction (base-growth (ii)), and (b) 
bamboo structured growth. (Reprinted with permission from Wang, 
T. and Wang, B. 2006. Applied Surface Science 253:1606–10.)
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8.4.1 Growth of cns usinG metaL-Based cataLysts

During growth of CNSs, one generally gets a mix of amor-
phous carbon deposits, SWCNT, MWCNT, and other mor-
phologies. The selectivity of one of these morphologies is 
increased by choosing appropriate catalysts and growth con-
ditions, which are also chosen to ensure good yield CNS of 
desired morphology. As mentioned earlier, smaller catalyst 
nanoparticles help in growth of SWCNT while larger nanopar-
ticles result in other nanostructures such as MWCNT or CNF 
and so on as inferred from Table 8.1. Apart from morphol-
ogy and yield, the other important issues related to growth 
of SWCNT are purity and defect. SWCNT is widely investi-
gated for their potential applications based on their electronic 
properties. Purity means freedom from adsorbed carbona-
ceous impurities on the surface of the SWCNT degrading its 
electronic properties. Similarly, structural defects like pen-
tagonal or heptagonal rings in place of hexagonal ones, also 
damage the electronic properties. After growth it is possible 
to improve purity by purification processes but often defects 
are introduced in this step. Therefore, there is stress on direct 
growth of high purity SWCNT. Lim et al. [81] have studied a 
number of monometallic catalysts such as iron, cobalt, nickel, 
molybdenum, copper, and platinum and observed that iron 
has considerably higher yield, which has been attributed to 
high efficiency of decomposition of ethanol vapor (source of 
carbon in their experiments) and high solubility of carbon in 
iron. But the decomposition also leads to formation of amor-
phous carbon degrading the purity of SWCNT. Thereafter, 
the same investigators carried out experiments with iron-
based bi-metallic catalyst like FeCo, FeNi, FeMo, FeCu, FePt, 
and it was observed that addition of inactive elements such as 
copper to iron lowers the yield but enhances the purity more 
than any of the other elements. It is believed that lowering the 
solubility of carbon in FeCu has resulted in lower amorphous 
carbon on the surface of SWCNT. Takagi et al. [10] used the 
same monometallic catalysts as Lim et al. [81] but the catalyst 
nanoparticles were made by balling up thin metal film on a 
substrate of aluminum hydroxide in the chamber of CCVD 
in air at 850–950°C. Then, the chamber was evacuated and 
ethanol vapor was allowed to flow resulting in growth of CNT 
on catalyst nanoparticles. This route resulted in as high a yield 
for Cu catalyst as it was for iron. These investigators believe 
that heat treatment in air is responsible for enhanced yield 
for copper catalyst. Yuan et al. [75] have grown horizontally 
aligned SWCNT along X-direction on ST-cut quartz wafer 
using a number of metal catalysts including Mo, Cu, Mn, Cr, 
Sn, Mg, Al apart from those commonly used. They observed 
that yield as well as degree of alignment depends also on the 
flow rate of precursor gas.

Controlled defects in SWCNT could be used for tuning the 
electronic properties as required. The defects are often pre-
ferred in applications, which require functionalization of the 
tube as it is easier to attach molecules to these defect sites. 
The tubes may collapse to develop a cone as a consequence 
of these defects and growth may eventually terminate by clos-
ing the end. The defects may also create elbow connection 

to change the chirality of the tube. Picher et  al. [82] have 
observed that long tubes with lower density of defects are pre-
dominant in samples grown at high temperatures and lower 
pressure of precursor gas while growth of short tubes with 
defects dominate at lower temperatures and relatively higher 
pressure.

There has been effort to grow SWCNT with controlled 
chirality using monometallic catalyst. Abdullahi et al. [52,83] 
have prepared the catalyst by chemical route from solution of 
iron- and cobalt-bearing compounds by drying, calcinations, 
and reduction. Adding nanoactive MgO powders in solution 
of metal compounds results in a slurry, which is subjected to 
the same processing route to prepare Fe–MgO and Co–MgO 
catalysts. It has been claimed that dispersion of metals in 
MgO lattice could result in better selectivity for SWCNT over 
other morphologies when used for growing nanostructure in 
CCVD flowing methane or methane/helium mixture of gas at 
temperatures between 800°C and 900°C. Further, these cata-
lyst nanoparticles also resulted in narrow range of diameter 
distribution and chirality.

Some research workers claim that nanoparticle of metal 
catalyst first forms carbide when carbon-bearing gas/vapor 
comes in contact with “hot” metal nanoparticles in CCVD 
chamber and the growth of CNS takes place by decomposi-
tion of carbide to release carbon for the formation of CNS. 
Interestingly, Ni et al. [84], while acknowledging high decom-
position temperature of methane and catalytic role of Co, Ni, 
or Fe (on MgO substrate) in the decomposition of precursor 
gas, claims that growth temperatures should also be higher 
than the decomposition temperature of the respective metal 
carbides. They have reported a direct relationship between 
CNT formation and metal carbide decomposition for Ni, Co, 
and Fe catalysts. It has been claimed that metal carbide for-
mation, which in their view is an essential intermediate step, 
precedes the CNT or CNF nucleation. Baker and many others 
proposed that pure metal is the active catalyst [85,86], while 
Oberlin and many others detected the encapsulated particles 
to be iron carbide [72,87]. Metal carbides have sometimes 
been detected in experiments involving iron catalyst nanopar-
ticles. During in situ growth of CNT on iron nanoparticle 
inside ETEM (environmental TEM), Hoffman et  al. [20] 
observed extensive formation of carbon–iron bonds by x-ray 
photoelectron spectroscopy (XPS) initially as indicated by 
XPS peak at ~282.6 eV but this peak is replaced soon by C–C 
peak (~284.5 eV) corresponding to sp2 bonded graphitic car-
bon as shown in Figure 8.13. There is only a transitory pres-
ence of carbidic carbon (~283.4 eV) before graphitic carbon 
forms. If carbide formation and decomposition would be an 
essential intermediate step, one would have observed the pres-
ence of carbide phase throughout the growth of CNT. C–Fe 
bonds could form initially when carbon presence is low to 
form sp2 bonded carbon on the surface.

Similar formation of iron carbide (Fe3C) during CNT syn-
thesis using Fe catalyst nanoparticles has also been reported 
by others [88]. In 2008, Yoshida et al. [89] performed atomic-
scale in situ observation of acetylene decomposition on Fe 
catalyst at 600°C. Electron diffraction analysis of the metal 
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clusters in each frame was reported to match with that of iron 
carbide corresponding to cementite (Fe3C) as shown in Figure 
8.14. Accordingly, the authors concluded that the active cata-
lyst was in “fluctuating solid state” of “iron carbide.”

Sharma et al. [29] believe that metastable phase of carbide 
may form under a dynamic equilibrium for the following reac-
tion 3Ni + C ↔ Ni3C where the continuous flux of carbon, 
generated by decomposition of C2H2, favors the formation 
of Ni3C while at high temperature (>520°C) decomposition 
is favored. It is not surprising that metal carbides form prior 
to CNT growth as there is high carbon affinity of 3d transi-
tion metals reflected by their low enthalpy of carbide forma-
tion [90]. Confusion persists because lattice constants of pure 
metal and their carbide are sometimes very close. For exam-
ple, the planes fcc Ni (111) or Ni3C (113) have the same “d” 
spacing and diffraction peaks may appear at the same angle. 
Moreover, for nanoparticles, some deviation in the lattice 

constants from that of the bulk crystal may be expected due 
to limited number of atoms in nanoparticles. Wirth et al. [91], 
based on their in situ electron microscopy and x-ray photolu-
minescence spectroscopic analyses, argued that the catalyst 
exists in pure metallic form: right from the CNT nucleation to 
the growth termination as shown in Figure 8.15.

Takagi et al. [10] have used non-carbide forming catalysts 
such as gold, silver, and copper to grow SWCNT by CCVD. 
Thus, carbide formation may not be an essential step in the 
growth of CNS.

It has been shown in Table 8.1 that CNS may grow even 
when nanoparticles of oxides of transition metals such as Co, 
Ni, or Fe, and so on are used as catalyst in CCVD. Since the 
environment during growth of CNS is highly reducing due to 
decomposition of carbon-bearing gas, it may be questioned 
whether oxide as such may survive in such an environment 
or are being reduced to metal nanoparticles, which act as 
catalyst. Baker et al. [85] claimed that FeO appears to be a 
much better catalyst than metallic iron for the formation of 
filamentary carbon and inferred that there was no reduction 
of oxide before growth of CNS. The oxide catalysts have often 
been subjected to pretreatment in reducing environment con-
taining hydrogen and this step may actually reduce the oxides 
to metals. Jana et al. have used doped cobalt [40] and nickel 
oxide [92] catalyst in the CCVD set-up at a temperature lower 
than that existing during growth of CNS and observed that the 
oxide catalyst reduces to metal. However, the reduced cata-
lyst may not have the crystal structure corresponding to that 
of bulk metallic phase at room temperature as the energetics 
for stability in nanoparticles could be different from that in 
bulk structure, particularly for closely competing structures 
for stability like fcc and hcp in Co and Ni. There could be 
evolution to nonequilibrium structures during reduction of 
oxide catalysts. This matter needs thorough investigation and 
eventually may provide the explanation for different results 
for filamentary carbon obtained with iron and iron oxide cata-
lysts. Doping may also contribute to the stability of one or 
the other structure in the reduced nanoparticles of catalyst. 
Hernadi et al. [93] also considered that prior reduction pre-
treatment of iron oxide is not necessary since the hydrocarbon 
atmosphere is able to reduce the catalyst to the required extent 
under prevailing conditions during growth of CNS.

Jana et  al. [40] in their pioneering investigation of the 
doped cobalt oxide catalyst nanoparticles by DTA (differential 
thermal analysis) observed a broad endothermic peak ending 
with a sharp peak, which is claimed to correspond to bulk 
melting of Co3O4 as shown in Figure 8.16. The designations 
shown in the curve correspond to different levels of doping 
and the average size of particles is indicated in bracket. For 
example, designation CoCu01 represents cobalt oxide doped 
with copper oxide in order to replace cobalt atoms by 01 wt.% 
of copper. The oxide nanoparticles have wide size distribu-
tion and thus, the start of melting could begin at the start of 
the broad endothermic peak. It has been further observed that 
there is no growth of CNS below the temperature at the start 
of melting. There is only carbon black surrounding the cata-
lyst nanoparticles resulting in carbon nanobeads [40]. If the 
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FIGURE 8.13 Time-resolved evolution of C 1s core level during 
Fe exposure to C2H2 at 580°C. Insets show SEM image of part of 
the probed area and the time evolution of the chemisorbed (dots) and 
graphitic (crosses) carbon peaks. (Reprinted with permission from 
Hofmann, S. et al. 2007. Nano Letters 7:602–8.)
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catalyst gets fully covered by decomposed carbon, there is no 
formation of cylindrical nanostructures.

It is possible that melting of oxide helps to transport carbon 
from the surface to the inside and facilitate faster reduction 
while preventing formation of carbon black at the surface, 
isolating the catalyst nanoparticle from the environment. The 
melting allows relatively faster diffusion of carbon inside and 
faster reduction of the oxide in order to facilitate formation of 
CNS. Since the oxides are chemically stable during heating in 
air some people have put forward the argument that the broad 
peak may not be due to melting but because of solid state 
sintering and agglomeration. When the particles were exam-
ined under the microscope after DTA studies and compared 

with the as synthesized particles, one observes rounding of 
surface contour merging locally in fused mass as shown in 
Figure 8.17 indicating surface melting and liquid phase sinter-
ing of particles.

Yosida et al. [89], while observing in situ growth of CNT 
inside ETEM, noted significant change in the shape of catalyst 
nanoparticles during growth of both SWCNT and MWCNT 
growing, respectively, on relatively smaller and larger catalyst 
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FIGURE 8.14 (a–d) Growth of MWCNT from iron nanoparticles at time shown in each image and enlarged images of the dotted square 
region in (a) shown below and Fourier transforms. SAD pattern shows presence of carbide along with spots corresponding to MWCNT 
marked by the arrows. (Reprinted with permission from Yoshida, H. et al. 2008. Nano Letters 8:2082–6.)
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FIGURE 8.15 TEM image of Ni catalyst nanoparticle at 480°C 
and 360°C showing fringes of lattice planes. (Reprinted with per-
mission from Wirth, C. T., Hofmann, S., and Robertson, J. 2009. 
Diamond and Related Materials 18:940–5.)
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nanoparticles with different levels of doping and size. (Reprinted 
with permission from Jana, M., Sil, A., and Ray, S. 2011. Carbon 
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particles. Hoffman et  al. [20] have also observed “dynamic 
reshaping” of the nickel catalyst nanoparticles during growth 
of CNS for which there is no plausible explanation. It appears 
that there is surface melting of metallic catalyst nanoparticles 
and the surface liquid moves under the action of capillary 
forces during growth of CNS forming a sharp conical head as 
shown in Figure 8.18a through d. Wang and Wang have also 
observed similar conical head formation on nickel catalyst, 
which is claimed to be in liquid or quasi-liquid state as shown 
in Figure 8.18e.

Baker et al. [94] in their in situ experiments with nickel cat-
alyst and acetylene at 600°C inside TEM observed the change 
in shape of the catalyst during the growth of CNF and attrib-
uted it to VLS mechanism of growth. Their estimate of acti-
vation energy for growth is similar to the activation energy of 
carbon diffusion in liquid nickel, and fiber growth is observed 
to be diffusion controlled. In the VLS growth, carbon result-
ing from decomposition of carbon-bearing gas or vapor, gets 

dissolved in the liquid phase of the catalyst and diffuses to the 
growing CNS. Tibbetts [95] has claimed that the bending of 
grapheme sheet to tubular growth is energetically favorable 
due to large anisotropy in surface energy, that is, high sur-
face energy of other planes of graphite compared to the basal 
plane. But the formation of a hemispherical cap, as described 
earlier, provides a mechanism for bending of graphene layer 
forming during growth of cylindrical tube. However, the 
energy of bending is relatively more as the diameter is smaller 
and beyond some smaller inner radius, formation of another 
layer over the smallest one may not be energetically favor-
able due to “weak maximum” of the difference of chemical 
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FIGURE 8.17 FESEM micrographs of (a) as synthesized oxide 
nanoparticles of NiCu10 and (b) the same after DTA.
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FIGURE 8.18 (a–d) ETEM image sequence showing a growing 
CNF at different reaction times and the lower drawings indicate 
schematically the deformation of Ni catalyst and resulting C–Ni 
interface (Reprinted with permission from Hofmann, S. et al. 2007. 
Nano Letters 7:602–8.) and (e) TEM images of bamboo structured 
CNTs grown in the presence of nitrogenous gases. (Reprinted with 
permission from Wang, T. and Wang, B. 2006. Applied Surface 
Science 253:1606–10.)
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potential. This may explain the growth of SWCNT on smaller 
catalyst particles while MWCNT grows on relatively larger 
ones. This analysis has presumed diffusion of carbon along 
the surface of the catalyst as shown in Figure 8.19 and the 
basis for this assumption is its activation energy being similar 
to that of bulk diffusion of carbon in iron [96]. But the surface 
and the bulk diffusion are expected to have distinctly different 
activation energies and so, this conclusion of surface diffusion 
may not be correct.

Jana et al. [92] have studied the growth of cylindrical CNS 
with cobalt and nickel oxide doped with different amounts 
of copper oxide and observed that the size and shape of the 
catalyst and the extent of doping are influential in determin-
ing the growth morphology giving rise to MWCNT, CNF, 
and Tape. The results are summarized in Figure 8.20a and 
explained in terms of the extent of surface melting of the cata-
lyst, which increases with decreasing size and increasing dop-
ing. The start of melting of the smallest oxide nanoparticles, 
TS, has been measured by DTA and the growth temperature in 
CCVD, Tg, used in this study is 640°C. A morphology map of 
Δ = |(Ts–Tg)|/Ts and the minimum size of the oxide nanopar-
ticle in a catalyst sample has been plotted from these results 
as shown in Figure 8.20b.

For the smallest size of oxide particles, when Δ increases, 
one may observe a morphology change from MWCNT to 
CNF with mixed morphology around the transition region. 
The observation of the growth of SWCNT at high Δ at smaller 

particle size is possibly due to lack of space for graphitic 
growth. On increasing minimum particle size up to around 
100 nm, the transition from MWCNT to CNF is still observed 
with increasing Δ. When the minimum size of nanoparticles 
increases further to around 150 nm, the oxide growth is aniso-
tropic leading to the formation of tape at similar values of Δ 
where smaller particle sizes lead to CNF. Higher particle size 
and lower Δ, lead to the formation of nanobeads.

8.5 CONCLUSIONS: THE EMERGING PICTURE

The emerging picture for the growth of cylindrical CNSs by 
CCVD method is summarized below, in order to crystallize 
the outstanding questions.

The composition of the gas/vapor source of carbon appears 
to influence the morphology of carbon deposits as shown in 
Figure 8.3a and it has been claimed [75] that the structure of the 
tube is influenced by the flow rate of precursor carbon-bearing 
gas/vapor. These aspects have not been explored adequately 
in the context of growth of cylindrical CNS. Although there 
are a number of investigations using different carbon-bearing 
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grown from natural gas on an iron catalyst particle and (b) simplified 
growth model of this fiber showing inner, outer diameters, and the 
precipitation interface. (Reprinted with permission from Tibbetts, 
G. G. 1984. Journal of Crystal Growth 66:632–8.)
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gas along with other gases as shown in Table 8.1, these studies 
often use different temperatures in the reaction chamber of 
CCVD during growth but there is no systematic investigation 
to ascertain even the role of temperature in deciding the mor-
phology of carbon deposits as demonstrated in Figure 8.3b. 
A variety of monometallic, bimetallic, and compound cata-
lyst nanoparticles, with size distributed over a range, have 
been used in CCVD to get a mix of  morphologies of CNSs. 
The selectivity of the desired morphology has been increased 
by varying growth conditions. The yield, purity, and defects 
in the nanostructures are other important considerations for 
arriving at the right conditions for growth. Purity could be 
controlled by decreasing the activity of a catalyst like iron 
toward carbon by addition of inactive metal such as copper. 
There should be more investigations to evolve approaches 
related to growth for the control of purity and defects as well 
as for selectivity and yield.

The structure of cylindrical CNS in terms of chirality, chi-
ral vector and chiral angle, is important in deciding the prop-
erties including electronic properties of single-walled and 
multiwalled tubes. The diameter of the tube is related to the 
magnitude of the chiral vector. TEM, selected area diffraction 
(SAD), and peaks of optical absorption are important tools to 
extract information about chirality. HRTEM is routinely used 
to examine the fringes from the walls of multiwalled tubes. 
MD simulation studies has revealed the role of catalyst, its 
pre-growth annealing time and adhesion with the substrate, 
on which the catalyst is situated, in deciding chirality, par-
ticularly for the intermediate size of particles. Experimental 
studies indicate a correlation between the chirality of the 
nanotube and the structure of the catalyst nanoparticle. There 
is a need to undertake further experimental studies to under-
stand the extent of relation between chirality and the catalyst, 
its chemical nature, size, heat treatment, and adhesion with 
the substrate, as revealed by MD simulation studies and the 
experiments carried out so far.

The good performance of transition metal catalysts of Co 
and Ni gave us the impression that the closely packed crys-
talline plane with hexagonal atomic arrangement may be 
providing a template for the formation of hexagonal rings of 
carbon on the walls of cylindrical CNS. The catalytic ability of 
other metals not possessing hexagonal arrangement of atoms 
and MD simulation with the jellium model indicates that the 
template effect may not be so crucial. The critical role of the 
 catalyst is to keep an end open preventing closure of hemi-
spherical cap during growth as it happens in C70 molecules. 
The metal atoms at the end allow carbon atoms to join the 
carbon side during growth of cylindrical structure by shifting 
continually to the open end of the growing tube. The growth 
of the  hemispherical cap over the catalyst may also be very 
important as it makes the curvature of the graphene sheet to 
a cylindrical surface feasible both from thermodynamic and 
kinetic standpoints. The size of the catalyst particle and its 
adhesion with the substrate also have an important role in lift-
ing off the hemispherical cap from the catalyst as revealed by 
MD simulation. The lifting-off takes place faster for relatively 
smaller particles and also, for relatively stronger adhesion 

between the catalyst–substrate surfaces. There is a need to ver-
ify these results through suitably designed in situ experiments.

The catalyst may help decomposition of carbon-bearing 
gas on its surface and these atoms may get adsorbed on the 
surface of the solid catalyst. It could either be physisorbed or 
chemisorbed on the solid surface of the catalyst. Under opti-
mum condition, the deposition rate of carbon may release as 
much carbon as could be accommodated on the surface of the 
catalyst and there will be no loose deposit of carbon. Under 
steady state, deposition rate should release as much of carbon 
as could be adsorbed and released to the end of cylindrical 
nanotube for growth and the maximum growth will be limited 
by the capacity of adsorption on the surface. This scenario 
may not allow a large growth rate as observed experimentally. 
Also, this scenario does not explain large change in shape of 
the catalyst and its smooth surface as observed in Figures 8.14 
and 8.18 during growth of CNS. The observation of broad 
peak in DTA of cobalt oxide and doped cobalt oxide nanopar-
ticles followed by sharp peak corresponding to a temperature 
near bulk melting point of cobalt oxide as shown in Figure 
8.16 clearly indicates the possibility of surface melting of 
nanoparticles as confirmed by their fusing together by liquid-
phase sintering (Figure 8.17b). However, these results are for 
nanoparticles of oxide catalysts, which are observed to reduce 
to metal in the reaction chamber of CCVD method either dur-
ing prior treatment with gas mixture containing hydrogen or 
during the growth of nanoparticles in the absence of prior 
treatment.

The melting of metallic nanoparticles has been exten-
sively investigated by modeling as summarized in Figure 
8.9 and also by MD simulation of melting of specific metals 
and alloys. The results for nickel are shown in Figure 8.10. 
Therefore, it may not be surprising to observe surface melt-
ing at least for metallic catalyst particles at the temperatures 
(Table 8.1) used for the growth of cylindrical nanostructures 
explaining the change in shape and the smooth contour of the 
surface of the catalyst particles observed during the growth 
of nanostructures. This is in conformity with the observation 
that the activation energy for growth is similar to that for dif-
fusion of carbon in liquid nickel and diffusion of carbon in 
liquid is the rate limiting step for the growth of CNSs, grown 
by CCVD with nickel catalyst. In spite of this observation, 
there is some confusion about the transport of carbon either 
through the surface or inside the liquid phase, created by sur-
face melting of the catalyst or melting of the entire particle. 
If the template effect is not important as indicated by the jel-
lium model, the cluster of rings and chains leading to hemi-
spherical cap could form even without catalyst as it happens 
in fullerene. The catalytic role of metal may be confined to 
preventing closure of the end of the cap to allow cylindrical 
growth and metal atoms in the liquid phase of metal cata-
lyst could play this role more effectively due to their higher 
mobility compared to the atoms in solid. Further studies are 
needed to clarify the nature of catalytic role of metals in the 
formation of cylindrical CNS.

Some of the metal catalysts used for growth of cylindri-
cal nanostructure are strong carbide formers and so, carbon 
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released on the surface of the catalyst by decomposition 
of carbon-bearing vapor/gas may form carbide and carbon 
released from carbide in a dynamic situation may supply the 
carbon for the formation and growth of nanotube. However, 
this may happen for specific catalysts but it is not an essen-
tial step for the formation of CNS. Even for iron catalyst, 
some results show transient C–Fe XPS peaks as shown 
in Figure  8.13 while others show the presence of carbide 
(cementite) in the SAD during growth as shown in Figure 
8.14. C–Fe bonds possibly forms when sufficient carbon 
atoms are not available to form carbon clusters. Now it is 
known that nanoparticles of non-carbide forming elements 
such as gold, silver, and copper may catalyze the formation 
of cylindrical nanostructure and so, carbide formation cannot 
be an essential step.

In CCVD method the carbon-bearing gas/vapor in 
the feed gas mixture appears to decompose on the cata-
lyst releasing carbon. If the catalyst is an oxide it will be 
reduced by hydrogen during pretreatment or by hydrogen, 
carbon, and so on during growth. The difference in filamen-
tary carbon grown with iron and iron oxide catalyst parti-
cles may not be due to the absence of reduction but could 
be the result of arriving at different metal structures, which 
affect the chirality of CNSs and hence, their properties. For 
cylindrical growth, melting to create a layer of liquid on the 
surface of the catalyst may help faster transport of carbon 
to the growing cylindrical nanostructure by dissolution. 
Dissolution may remove carbon released on the surface at 
a relatively faster rate compared to that for solid, without 
getting the catalyst covered by loose carbon deposits as it 
happens leading to the formation of carbon nanobeads. But 
the question remains as to why a particular cylindrical mor-
phology like SWCNT, MWCNT, CNF, or tape, forms under 
a given condition.

In oxide catalyst of mixed nanoparticle sizes, lower par-
ticle size and surface melting leads to cylindrical nanostruc-
tures. For very low sizes (<10 nm), the cylindrical structure 
appears to go through transition from MWCNT to CNF and 
from CNF to SWCNT with the increasing extent of melting. 
But higher particle size and absence of melting drives to the 
growth of nanobeads. There is hardly any study for metal cata-
lysts addressing the selection of morphology. More studies are 
necessary to confirm these trends observed for oxide catalysts 
and to understand the reasons more clearly.
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9 sp2 to sp3 Phase Transformation 
in Graphene-Like Nanofilms

Long Yuan, Zhenyu Li, and Jinlong Yang

ABSTRACT

Due to its unique electronic structure, graphene has become 
a widely studied new material. It is desirable to enrich the 
physics and chemistry of graphene-based materials by elec-
tronic structure engineering. An important property-tuning 
means is introducing an sp2 to sp3 phase transformation. 
In this chapter, first-principles studies of functionalization 
induced sp2 to sp3 phase transformations of graphene-like 
nanofilm are reviewed. Diamondized graphene bilayer and 
graphene–BN hybrid bilayer have a tunable electronic struc-
ture, from magnetic semiconductor to nonmagnetic metal. 
More interestingly, hydrogenated wurtzite SiC nanofilm is a 
two-dimensional bipolar magnetic semiconductor material, 
where its spin polarization can be conveniently controlled by 
a gate voltage. The tunable electronic and magnetic properties 
demonstrated here pave new avenues to construct graphene-
based electronics and spintronics devices.
Graphene, a one-atom thickness honeycomb sp2-hybridized 
carbon nanofilm, has attracted considerable attention due to 
its many unique physical properties such as half-integer quan-
tum Hall effect, massless Dirac fermion behavior, ambipolar 
electric field effect, and high carrier mobility.1–5 Since gra-
phene is a semimetal with a zero bandgap, exploring effective 
ways to open a bandgap is indispensable for its applications 
in electronic devices. Hence, physical or chemical-based gra-
phene electronic structure engineering has attracted lots of 
research interests. For example, graphene’s electronic proper-
ties could be tuned by using appropriate substrate,6–10 substitu-
tional atom doping,11–17 molecular doping,18–24 or by patterning 
graphene into nanoribbons.25–30 At the same time, some other 
two-dimensional (2D) structures similar to graphene have 
also been synthesized. Despite their structure similarity, 
properties of these 2D systems can be very different from 

graphene. For example, sp2-hybridized SiC sheet is a semi-
conductor with a large direct energy gap.

To broaden their applications, it is very desirable to have 
the capability of electronic structure engineering for gra-
phene-like 2D structures. Chemical functionalization is one 
of the most important means to tune properties of materials. 
Many graphene-related nanomaterials with novel electronic 
and magnetic properties are predicted and/or synthesized on 
the basis of chemical functionalization. Especially, interesting 
physics and chemistry has been shown when chemical func-
tionalization induces sp2 to sp3 phase transformation, which is 
the main topic to be reviewed in this chapter.

9.1  CHEMICALLY INDUCED sp2 TO sp3 PHASE 
TRANSFORMATION IN GRAPHENE SYSTEMS

9.1.1 functionaLized sinGLe Graphene sheet

In 2008, Sofo et al.31 first predicted the existence of graphane, 
an extended 2D hexagonal hydrocarbon network (Figure 9.1a) 
by using the first-principles calculations. Graphane could be 
regarded as a fully hydrogenated single-layer graphene with 
formula CH, where all carbon atoms are sp3-hybridized and 
hydrogen atoms are bonded to carbon atoms on both sides 
of the plane in an alternating manner. Graphane is predicted 
to be stable when compared with other hydrocarbons such as 
benzene, cyclohexane, and polyethylene. It has two favorable 
configurations: the chair-like configuration with the hydrogen 
atoms alternating on both sides of the plane and the boat-like 
configuration with the hydrogen atoms alternating in pairs. 
Binding energy calculations show that the chair-like config-
uration is more stable. Because hydrogenation destroys the 
origin π-band network of the pristine graphene, a large band-
gap is opened in graphane. The chair-like configuration has a 
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bandgap of 3.5 eV at the GGA (generalized gradient approxi-
mations) level (Figure 9.1b), and it is corrected to be 5.4 eV 
with GW calculations. Sofo’s predictions are confirmed soon 
by an independent experiment. In 2009, Elias et al.32 synthe-
sized graphane by reacting graphene with hydrogen plasma, 
which could transform this zero-gap semiconductor into an 
insulator.

Zhou et  al.33,34 showed that when half of the hydrogen 
atoms in the graphane sheet were removed, as shown in 
Figure 9.2, the resulting semihydrogenated graphene sheet 
(referred as graphone) is a ferromagnetic semiconductor with 
a small indirect gap of 0.46 eV. They found that when half 
of the carbon atoms are hydrogenated, strong σ-bonds are 
formed between C and H atoms and the π-bonding network 
is broken, the hydrogenated C atoms become sp3-hybridized. 
The unhydrogenated C atoms are still sp2-hybridized leaving 
the electrons in these C atoms localized and unpaired and 
producing ferromagnetism.

Besides hydrogenated graphene, fluorinated graphene is 
another important graphene derivative.35,36 Fluorographene 
has a similar geometric structure with graphane.37–38 All the 
C atoms are sp3-hybridized, with each C atom covalently 
bonded to one fluorine atom. The chair configuration is 

more stable than the boat configuration. Its electronic prop-
erty is also similar to graphane. The chair configuration has 
a direct bandgap of 3.20 eV predicted at the GGA level, and 
7.42 eV at the more accurate GW level. Jeon et al.39 treated 
graphene with XeF2 and produced a partially fluorinated 
graphene with covalent C–F bonding and local sp3-carbon 
hybridization. After spectroscopy characterization, the syn-
thesized fluorinated graphene is an insulator with a bandgap 
of 3.8 eV.

Liu et al.40 studied the electronic and magnetic properties 
of the semifluorinated graphene via first-principles calcula-
tions. Different from semihydrogenated graphene, semifluori-
nated graphene exhibits magnetic and metallic behavior. The 
magnetism mainly ascribed to the exchange splitting of dan-
gling bond of the unfluorinated C atoms with a coupling with 
impurity state induced by F adatom.

By using DFT and nonequilibrium Green’s function 
(NEGF) method, Li et  al.41 explore the possibility of func-
tionalized graphene as a high-performance 2D spintronics 
device. They considered two types of functionalization. One 
is functionalization on one side of graphene (the number of 
functional groups equals half the number of C atoms), and 
the other is different functionalizations on the two sides of 

(a) (b)

10

0

–10

–20

10

0

–10

–20
K M K 1

DOS (electron/eV)
2

En
er

gy
 (e

V
)

En
er

gy
 (e

V
)

Γ

sp
Total
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(b) Band structure and density of states for the chair-typed graphane. (Reprinted with permission from Sofo, J. O., A. S. Chaudhari, G. D. 
Barber, Phys. Rev. B, 75, 153401. Copyright 2007 by the American Physical Society.)
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graphene (the number of each kind of functional groups equals 
half the number of C atoms). Both boat and chair conforma-
tions have been considered. When graphene is functionalized 
with O on one side and H on the other in the chair conforma-
tion, a ferromagnetic metal with a spin-filter efficiency up to 
54% at finite bias is obtained. The semifluorinated graphene 
in the chair conformation is an antiferromagnetic semicon-
ductor. They designed a spin device based on it by introducing 
a magnetic field to stabilize its metallic ferromagnetic state. 
The resulting room-temperature magnetoresistance is up to 
2200%, which is 1 order of magnitude larger than available 
experimental values.

When graphane is cut into one-dimensional (1D) hydro-
carbon, it will yield graphane nanoribbons, in which all the C 
atoms are still sp3-hybridized. Graphane nanoribbons possess 
totally different properties compared to the sp2-hybridized 
graphene nanoribbons (GNRs). In GNRs, edge states play 
an important role in determining their electronic and mag-
netic properties. However, in graphane nanoribbons,42 it is the 
inner C and H atoms that dominate the electronic properties 
of graphane nanoribbons, as shown in Figure 9.3. The zigzag 

and armchair graphane nanoribbons are both nonmagnetic 
semiconductors. Their bandgaps are highly width dependent, 
which decrease monotonically as a function of ribbon width 
due to quantum confinement effect. The formation energy of 
both kinds of graphane nanoribbons increases with increasing 
ribbon width.

Zhang et  al.43 investigated the bandgap modulation of 
graphane nanoribbons under uniaxial elastic strain. They 
found that the bandgap of graphane nanoribbons has a lin-
ear relationship with uniaxial strain, and the bandgap is 
more sensitive to compressive than tensile strain. Moreover, 
the calculated Young’s modulus of graphane nanoribbons is 
much smaller than that of the graphene nanoribbon (GNR). 
As for 1D zigzag and armchair fluorographene nanorib-
bons,44 similar to graphane nanoribbons, they are all non-
magnetic semiconductors with width-dependent bandgaps. 
Energy gaps of fluorographene nanoribbons are smaller than 
those of the corresponding graphane nanoribbons with the 
same width.

Results of studies introduced in this section are summa-
rized in Table 9.1.
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9.1.2 functionaLized BiLayer Graphene

Compared with single-layer graphene, bilayer graphene dis-
plays some unique properties. For example, bilayer graphene 
could open an energy gap by inducing an external electric 
field.45–48 But the induced bandgap by this means is usually 
very small. It is interesting to know how electronic structure 
of bilayer graphene can be tuned by functionalization with 
chemical groups.

Ab initio density-functional theory calculations revealed 
that when both sides of the bilayer are hydrogenated, the 
weak van der Waals bonding is replaced by strong chemical 
bonds between the two layers, as shown in Figure 9.4. When 
the hydrogenation rate reaches its limit of 50%, all C atoms 
become sp3-hybridized, with similar geometry structures as 
graphane.49

A recent experiment has shown evidence for the room-
temperature phase transformation from hydroxylated sp2-
hybridized bilayer graphene to hydroxylated sp3-hybridized 
diamondized nanofilms via increasing pressure,50 as shown 
in Figure 9.5. Ab initio calculations showed that the resulting 
2D material, which is called diamondol, is a ferromagnetic 
insulator, with a bandgap of 0.6 eV and a magnetic moment 

of 1 Bohr per unit cell. For the majority spin, the bandgap is 
indirect and much larger than that of the minority spin.

Motivated by this interesting experiment and previous the-
oretical investigations, based on first-principles calculations, 
we systematically studied functionalization-induced diamon-
dization of graphene bilayer.51 When we decorated bilayer 
graphene on single side by using different chemical groups 
such as H, OH, and F, they all could transform into semifunc-
tionalized diamondized nanofilms. In all these diamondized 
structures, the C atoms in the first layer become fully sp3-
hybridized. In the second layer, only half the carbon atoms 
are sp3-hybridized, with the other C atoms remaining sp2-
hybridized. An interesting magnetic property is obtained for 
these diamondized structures. Because half the carbon atoms 
in the second layer remain sp2-hybridized, where a local-
ized electron is expected, which gives about 1 μB magnetic 
moment per unit cell. In all three diamondized nanofilms, the 
ferromagnetic coupling is energetically more favorable.

By using the mean-field theory, we could estimate the 
Curie temperature. The Curie temperatures of the single-side 
hydrogenated, hydroxylated, and fluorinated diamondized 
nanofilms were estimated to be 435, 378, and 438 K, respec-
tively, when treated as 2D systems. Band structure calcula-
tions show that the single-side hydrogenated and fluorinated 
diamondized nanofilms are indirect bandgap semiconductors, 
with bandgap values of 0.72 and 0.80 eV, respectively. The 
single-side hydroxylated diamondized nanofilm has a direct 
bandgap of 0.86 eV. Hence, the electronic properties of bilayer 
graphene can be modified with different chemical groups, 
with tunable electronic structures.

Minimum energy path (MEP) calculations provide more 
details about the transformation process of the functional-
ized graphene bilayer. Take single-side fluorinated graphene 
bilayer as an example, as shown in Figure 9.6a, in the initial 
state, when half of the carbon atoms in the top layer are fluo-
rinated, a strong σ-bond between the C atoms and F atoms 
is formed and the original extensive π-bonding network of 
graphene is broken, leaving the electrons in the unfluorinated 

(a)

(c)
(d)

(b)

FIGURE 9.4 Formations of a chemical bond between the two layers in bilayer graphene in (a) a 2 × 2, (b) a 4 × 4, and [(c) and (d)] a 3 × 3 
supercell. The light colored atoms are H and the others C. (Reprinted with permission from Leenaerts, O., B. Partoens, F. M. Peeters, Phys. 
Rev. B, 80, 245422. Copyright 2009 by the American Physical Society.)

TABLE 9.1
Summary of Previous Research on Functionalized 
Graphene Sheet
Functionalized single-layer 
graphene

Hydrogenated single-layer 
graphene31–34

Fluorinated single-layer graphene35–41

Functionalized GNRs Graphane nanoribbons42–44

Functionalized bilayer graphene Hydrogenated bilayer graphene49,52–53

Diamondization of graphene 
bilayer50–56

Functionalized graphene/h-BN 
heterostructures

Hybrid diamondization of graphene/
BN heterostructures51,60,64
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C atoms localized and unpaired. So the fluorinated top gra-
phene layer exhibits a buckled structure with a thickness of 
0.31 Å. The computed equilibrium distance between the two 
layers is 3.10 Å. In the transition state, the thickness of the 
top and bottom layers are 0.42 and 0.21 Å, respectively. The 
distance between the two layers is 2.01 Å. In the final state, 
the thickness of the top and bottom layers are 0.48 and 0.36 Å, 
respectively, reaching their maximum value. The calculated 
transformation barrier is 0.22 eV per unit cell for fluorinated 
diamondized nanofilms. For hydrogenated and hydroxyl-
ated diamondized nanofilms, they show similar behaviors, 
with a barrier about 0.23 eV per unit cell. This means that 

different chemical groups have little effect on the transforma-
tion barrier.

Fully functionalized bilayer graphene is also studied.51 For 
surface decoration with the same chemical groups such as H, 
OH, and F, after geometry optimization, homogeneous dia-
mondized nanofilms could be formed. In all these diamon-
dized structures, C atoms are fully sp3-hybridized. There is 
no explicit magnetism in fully functionalized films. Band 
structure calculations show that all three films are direct 
semiconductors with bandgaps of 3.06, 3.25, and 4.03 eV 
for fully hydrogenated, hydroxylated, and fluorinated nano-
films, respectively, much larger than the semifunctionalized 
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diamondized nanofilms. The transformation is proved to be a 
barrierless process, as shown in Figure 9.6b. Therefore, exter-
nal pressure may not be required to synthesize these double-
side functionalized films.

Wang and coworkers52 further investigated the conforma-
tion and electronic properties of fully hydrogenated bilayer 
graphene. They studied its two conformations: the chair con-
formation and the boat conformation (Figure 9.7). They found 
that the fully hydrogenated chair conformation is the lowest 
energy conformation, with a direct bandgap of 3.24 eV at the 
LDA (local density approximation) level. The removing of 
hydrogen from one side of bilayer graphane results in a ferro-
magnetic semiconductor. They also found that the bandgap is 
tunable with external electric fields. Applying a perpendicular 
electric bias between two fully hydrogenated graphene bilayer 
leads to transition from semiconductor to metal.

Zhang et al.53 utilized first principles calculations to inves-
tigate the biaxial strain-dependent electronic properties of the 

fully hydrogenated bilayer graphene. They studied two types 
of the fully hydrogenated bilayer graphene: the Bernal stack-
ing (termed B-type), where in which one half of the carbon 
atoms in one layer lie directly above the carbon atoms of the 
adjacent layer, while the other half that are hydrogenated lie 
over the centers of hexagonal rings of the adjacent layer; the 
hexagonal stacking (termed H-type), where all carbon atoms 
of one layer lie above the carbon atoms of the other layer. 
The B-type and H-type have almost the same binding energy. 
Further, the energy barriers from B- to H-type and from H- 
to B-type are estimated to be 502 and 487 meV per carbon 
atom, respectively. Therefore, they concluded that both B- 
and H-type configurations can be regarded as stable states. 
They also found that the bandgap of both type of the fully 
hydrogenated bilayer graphene could be tuned continuously 
by the biaxial strain. Moreover, compressive strain can induce 
the semiconductor-to-metal transition of this hydrogenated 
system. Such a tunable bandgap and semiconductor-to-metal 

(a)

B

A
B′

A′

B

Chair

Boat

AB′

A′

(b)

(c) (d)

FIGURE 9.7 Side views of (a) fully hydrogenated and (b) semihydrogenated chair conformations of bilayer graphene. Top and side views 
of (c) fully hydrogenated and (d) semihydrogenated boat structures of bilayer graphene. Hydrogen atoms are colored with white. (Reprinted 
with permission from Samarakoon, D. K., X. Wang, ACS Nano, 4, 4126. Copyright 2010 American Chemical Society.)
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transition are mainly contributed by the bonding state between 
px and py orbitals of carbon atoms and the antibonding state 
between pz orbital of hydrogenated carbon atoms and s orbital 
of hydrogen atoms.

Sivek et al.54 further examined the stability and electronic 
properties of fully fluorinated bilayer graphene. Compared 
with previously investigated fully hydrogenated bilayer gra-
phene, bilayer fluorographene is found to be a much more 
stable material, which is consistent with our result. The elec-
tronic band structure of bilayer fluorographene is similar to 
that of monolayer fluorographene, but its electronic bandgap 
is significantly larger (about 1 eV). They also calculated the 
effective masses around the Γ point for fluorographene and 
bilayer fluorographene and found that they are isotropic. The 
computed 2D Young’s modulus of bilayer fluorographene is 
approximately 300 N m−1, almost as strong as graphene, much 
stronger than monolayer fluorographene.

Hu et  al.55 studied electronic structures of two types of 
stoichiometrically fully fluorinated bilayer graphene as well 
as those under biaxial compressive and tensile strains. Under 
biaxial compressive strains, the bandgaps of both types of 
fully fluorinated bilayer graphene can be reduced and could 
transform them from semiconductor to metals. However, 
under biaxial tensile strains, both types of fully fluorinated 
bilayer graphene are found to be able to undergo a direct-to-
indirect bandgap transition.

As for multilayer 2D diamond nanofilms, Li et al.56 stud-
ied effects of semihydrogenation (SH) and full-hydrogena-
tion (FH) on the structural evolution of the 2D diamond 
nanofilms. The calculated formation energies of different 
layers are all negative suggesting that hydrogenation plays 
an important role in stabilizing the 2D diamond nano-
films. Moreover, the absolute data of formation energy are 
decreased monotonously with the increase of layer numbers. 
For the FH systems, the direct bandgaps are predicted in 
the region of 2.54–3.55 eV at the GGA level and decreased 
with increasing layer numbers. For the SH cases, a ferro-
magnetism characteristic is presented determining by the 
unpaired electrons on the un-hydrogenated side, and the 
spin-related bandgaps are in an infrared region of 0.74–1.17 
eV at the GGA level, which are also strongly dependent on 
layer numbers.

9.1.3  functionaLized Graphene/h-Bn 
heterostructures

Recently, direct growth of graphene on hexagonal boron 
nitride (h-BN) has been realized experimentally.57–59 We 
studied the electronic and magnetic properties of graphene–
BN bilayers modified by different functional groups such as 
H, OH, and F.51 After geometry optimization, new hybrid 
diamondized films are obtained. In these films, all C and B 
atoms become sp3-hybridized and N atoms remain sp2-hybrid-
ized. Band structures calculations show that they are all non-
magnetic metals. Examination of the states near the Fermi 
level shows that the N 2p and C 2p states contribute to the 
band crossing the Fermi level. Electron transfer between the 

bottom BN layer and the top graphene layer is the origin of 
the metallicity.

Chen et  al.60 studied fully hydrogenated graphene/BN 
bilayer and graphene/BN multilayers to exploit the effects of 
the heterogeneous interface and external bias voltage on con-
trolling their electronic properties. Two stable structures are 
obtained for hydrogenated C/BN bilayer. Both of them are 
direct bandgap semiconductors, with the valence band maxi-
mum (VBM) and conduction band minimum (CBM) at the Γ 
point. The energy gaps are 1.74 and 1.47 eV at the LDA level, 
respectively. The VBM is mainly distributed on the graphene 
layer showing an σ-bond characteristic. However, the CBM 
is mainly delocalized on the surface of hybrid films, which is 
known as the nearly free electron (NFE) states.61–63 They also 
investigated the bandgap modulation with external electric 
field. Under a positive electric field, the bandgap decreases 
and disappears at a critical value. Under a negative field, the 
bandgap increases gradually. The bandgap could also be 
tuned by adjusting the layer numbers.

Zhang et  al.64 demonstrated that a few layers of graphene 
sandwiched between h-BN layers can undergo spontaneous 
transformation into hybrid cubic BN-diamond nanofilms upon 
fluorination, in which all atoms are sp3-hybridized. This trans-
formation is spontaneous for a sufficiently thin multilayer and 
will suffer an energy barrier with increasing the total number of 
multilayers, as shown in Figure 9.8. Increasing the ratio of the 
h-BN layer in the initial multilayer can greatly reduce the energy 
barrier to promote the transformation of the hybrid diamond 
film. The electronic properties of the nanofilms can be tuned by 
controlling the ratio of the BN component and film thickness, 
which can yield narrow-gap semiconductors for novel electronic 
applications. In addition, the energy gaps in the nanofilms can be 
modulated linearly by applying external electric fields.

9.2  CHEMICALLY INDUCED sp2 TO sp3 PHASE 
TRANSFORMATION IN SiC FILMS

Different form graphene, theoretical calculations predicted 
SiC as a semiconductor with a large direct energy gap of 2.55 
eV at the GGA level and 3.90 eV with a more accurate GW 
approximation.65,66 It also has a desirable large exciton bind-
ing energy.67 This gives it high internal quantum efficiency, 
which  cannot be easily reached using pristine graphene. 
A recent experiment synthesized ultrathin graphitic SiC 
nanosheets through sanitation of wurtzite SiC nanofilms and 
exhibited outstanding light-emitting ability.68

Just like graphene, the electronic properties and magnetic 
properties of 2D SiC are affected by vacancy defects, adatoms, 
substitutional, impurities, or by patterning SiC into nanorib-
bons.65,69–73 Beyond this, chemical functionalization plays an 
important role to tune the physical properties of SiC sheets.

9.2.1 chemicaL functionaLized 2d sic sheets

Xu et al.74 performed first-principles calculations to investigate 
the formation energies, electronic, and magnetic properties of 



154 Graphene Science Handbook

semihydrogenated SiC sheet, as shown in Figure 9.9. Because 
the C sites and Si sites in the 2D SiC sheets are not equivalent, 
they studied the SH on either C sites or Si sites, respectively. 
Both semihydrogenated SiC structures have favorable forma-
tion energies, indicating a great possibility of realizing them 
in future experiments. However, they exhibit totally differ-
ent geometric, electronic, and magnetic properties. When Si 
atoms are hydrogenated, all the Si atoms become sp3-hybrid-
ized and C atoms remain sp2-hybridized. The formed semi-
hydrogenated SiC sheet is a ferromagnetic semiconductor 
with an indirect bandgap of 0.85 eV at the GGA level; when C 
atoms are hydrogenated, all the C atoms become sp3-hybrid-
ized and Si atoms remain sp2-hybridized. The formed semihy-
drogenated SiC sheet is an antiferromagnetic semiconductor 
with an indirect bandgap 1.19 eV. The semihydrogenated SiC 

sheet with the C atoms hydrogenated is found to be more sta-
ble than the sheet with the Si atoms hydrogenated.

Ma et al.75 investigated the magnetic and electronic proper-
ties of the semifluorinated SiC sheet. To determine the most 
stable structure of the semifluorinated structures, they consid-
ered all possible adsorbed structures, and found that the con-
figuration in which F atoms absorbed on the Si sites is most 
stable. The semifluorinated SiC sheet is an antiferromagnetic 
semiconductor with a bandgap of about 1 eV at the GGA level.

Garcia et al.76 performed a first-principles investigation on 
the structural and electronic properties of fully hydrogenated 
or fluorinated SiC sheet. All the atoms become sp3-hybridized 
due to chemical functionalization. The analysis on the forma-
tion energies show that the fully hydrogenated and fluorinated 
SiC sheet are very stable and should be easily synthesized in 
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views of the H–CSi structure. The dashed rhombus outlines the supercell used in calculations. (Reprinted with permission from Xu, B. et 
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the laboratory. Both are nonmagnetic semiconductors with a 
bandgap of 4.04 and 1.94 eV at the GGA level for fully hydro-
genated and fluorinated SiC sheet, respectively.

Wang and coworkers77 further investigated the structural 
properties of fully hydrogenated SiC sheet. Based on struc-
ture optimization and phonon dispersion analysis, they found 
that both chair- and boat-like configurations are dynamically 
stable, and the chair-like conformer is energetically more 
favorable than the boat-like one. The chair- and boat-like 
configurations are revealed to be nonmagnetic semiconduc-
tors with direct bandgaps of 3.84 and 4.29 eV, respectively. 
Charge distributions show that bonding in chair- and boat-like 
conformers are all characterized with covalency.

Results of studies introduced in this section are summa-
rized in Table 9.2.

9.2.2  hydroGenated wurtzite sic nanofiLms for 
BipoLar maGnetic semiconductors appLication

Recently, a new kind of spintronics material, bipolar mag-
netic semiconductors (BMS), has been proposed.78 As shown 
in Figure 9.10, in a BMS material, the valence and conduction 
bands possess opposite spin polarization when approaching 
the Fermi level. Therefore, completely spin-polarized cur-
rents with reversible spin polarization can be created simply 

by applying a gate voltage. By using first-principles electronic 
and transport calculations, Li et al. predict that the semihy-
drogenated single-wall carbon nanotube (SWCNT) is an ideal 
BMS candidate. For applications in integrated circuits, a 2D 
BMS material is more desirable. Considering the larger spin–
orbit interaction and thus larger possible magnetic anisot-
ropy energy of Si than C, SiC-based 2D materials are very 
attractive for spintronics applications. In a recent study, we 
predict that hydrogenated wurtzite SiC nanofilm is a 2D BMS 
material.79

The formation energy of semihydrogenated SiC sheet with 
C atoms hydrogenated is smaller than semihydrogenated SiC 
sheet with Si atoms hydrogenated, indicating that the H atom 
prefers to absorb on C sites, which is consistent with previ-
ous theoretical work.74 Three types of stacking arrangements 
in the graphitic-like SiC multilayered structures are checked. 
C–Si ordering is the most energetically favorable one, as also 
suggested previously.80

An MD (molecular dynamics) simulation at 200 K lasted 
for 2 ps is used to study hydrogenation at the C sites on the top 
layer of the SiC bilayer, as shown in Figure 9.11a. After the 
simulation, we find that the graphitic-like SiC bilayer could 
be easily transformed back into the wurtzite structure via sur-
face hydrogenation. To investigate the thermal stability, an 
MD simulation at 450 K lasted for 10 ps is performed. The 
formed hydrogenated wurtzite nanofilms are very stable dur-
ing the simulation. The optimized structure at 0 K is shown 
in Figure 9.11b. In the second layer, only the C atoms are sp3-
hybridized, while the Si atoms remain sp2-hybridized. MEP 
of the hydrogenation is shown in Figure 9.11d. The system 
only needs to overcome a small barrier of 0.03 eV per atom 
to complete the transformation and the formed wurtzite nano-
film is more energetically favorable than the initial structure. 
Therefore, it should be feasible to synthesize the hydrogenated 
wurtzite nanofilm in experiments under mild conditions.

Si atoms in the second layer remain sp2-hybridized, leav-
ing the electrons in the unhydrogenated Si atoms localized 
and unpaired, which gives about 1 μB magnetic moment per 
unit cell, as shown in Figure 9.11c, magnetic coupling cal-
culations show that ferromagnetic state is energetically more 

TABLE 9.2
Summary of Electronic and Magnetic Properties of 
Chemical Functionalized SiC Sheetsa

Bandgap (eV) Magnetism

Semihydrogenated SiC (C cites)74 0.85 Ferromagnetic

Semihydrogenated SiC (Si cites)74 1.19 Antiferromagnetic

Semifluorinated SiC (Si cites)75 1.0 Antiferromagnetic

Fully hydrogenated SiC77 4.04 Nonmagnetic

Fully fluorinated SiC77 1.94 Nonmagnetic

Hydrogenated bilayer SiC78 0.834 Ferromagnetic

a All DFT calculations are performed at the GGA level.
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favorable than the antiferromagnetic and nonmagnetic states. 
The formed hydrogenated wurtzite nanofilm is a typical BMS 
material with an indirect bandgap of 0.834 eV at the GGA 
level, as shown in Figure 9.12a. A test calculation with the 
HSE (Heyd–Scuseria–Ernzerhof) functional also gives a 
similar band structure with an enlarged bandgap of 1.874 eV, 
as shown in Figure 9.12b. Half-metallicity with opposite spin 
polarization can be obtained via electron or hole doping, as 
shown in Figure 9.12c and d.

Under an electric field as strong as 0.4 V Å−1, the bandgap 
is only slightly affected by the field. Therefore, it is a robust 
BMS material even under a strong electric field. On the other 
hand, the hydrogenated wurtzite nanofilm should be on a suit-
able substrate in applications. A substrate can apply a stress 
onto the material. So, it is interesting to see whether the BMS 
electronic structure is robust under an external strain. We find 
that the BMS characteristics are well preserved under high-
level external strains. A real system of a semihydrogenated 
SiC bilayer on a substrate, the hydrogenated (0001) SiC sur-
face, is also tested. The BMS character of the electronic struc-
ture is kept intact.

9.3 CONCLUSIONS AND PERSPECTIVES

During the past several years, people are devoting more 
time and effort on developing novel graphene-related func-
tional materials. In this brief review, we focus on the chemi-
cal functionalization induced sp2 to sp3 phase transformation 
in graphene and SiC systems. Functional nanomaterials with 
fantastic properties can be obtained after phase transformation, 
with promising technological potential in the fields of electron-
ics and spintronics. However, in spite of so much theoretical 
investigations, experimental research on the chemical function-
alization induced sp2 to sp3 phase transformation in graphene 
and SiC systems are still relatively rare. Therefore, it is urgent 
that the synthesis issues should be addressed so that the formed 
graphene and SiC derivatives through phase transformation can 
finally accomplish their highly promising technical potential.
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10 Symmetry and Topology of Graphenes

A. R. Ashrafi, F. Koorepazan-Moftakhar, and O. Ori

ABSTRACT

Graphene is an allotrope of carbon. These are two-dimen-
sional materials consisting of a single layer of carbon atoms 
arranged in a regular hexagonal pattern similar to graphite. 
The mathematics of these objects constitutes a significant part 
of mathematical physics. Suppose X is a physical object that 
can be described by a finite set {x1, x2, …, xn} of real num-
bers. A permutation f: X ⎯→X is a symmetry of X if d(f(xi), 
f(xj)) = d(xi,xj), where d(−,−) is a given distance function. In 
this chapter, we first study the symmetry structure of some 
classes of graphene lattice and then apply this information to 
compute distance-based topological indices of some classes 
of graphenes.

10.1 INTRODUCTION

Graphene is a form of carbon in which carbon atoms are 
arranged in a regular hexagonal pattern [1]. The discovery of 
graphene is a result of low-dimensional quantum field theory 
[2]. The aim of this chapter is to investigate the mathemati-
cal properties of this two-dimensional material [3,4]. To do 
this, we first describe some mathematical notions containing 
symmetry and topology of objects that will be kept through-
out. Then some useful computational methods are presented, 
and finally we describe how we can apply these methods to 
discover the geometry and topology of graphene from a com-
putational point of view.

A graph is a mathematical structure containing two types 
of elements: vertices and edges. Suppose G is a graph. The set 
of all vertices and edges of G are denoted by V(G) and E(G), 
respectively. G is called connected if for any 2-element subset 
{x,y} of vertices, we can connect x and y by a sequence x0 = x, 
e1, x1, … , en, y = xn of vertices and edges in such a way that 
xi−1 and xi are end vertices of the edge ei. A component for 
G is a maximum connected subset of G. A vertex v in G is 
said to be cut vertex, if removing v increases the number of 
components of G. If G does not have cut vertex then we say G 
is 2-connected. A molecular graph is a graph in which atoms 
are vertices and chemical bonds are edges of the graph. The 
degree of vertices in a molecular graph is at most four. The 

graph G is said to be planar if there exists a two-dimensional 
representation for G such that edges without any of the edges 
crossing over.

A nonempty set H together with a binary operation ♦: 
H × H ⎯→ H is a group if the following three conditions are 
satisfied:

 1. For all elements a, b, c ∈ H, we have 
a♦(b♦c) = (a♦b)♦c.

 2. There exists an element e ∈ H such that for each ele-
ment x ∈ H, x♦e = e♦x = x.

 3. Every element x ∈ H has an inverse x−1 such that 
x♦x−1 = x−1♦x = e.

Suppose G is a graph. A one-to-one function β from V(G) 
onto V(G) is called an automorphism if for each two vertex x 
and y in V(G), xy ∈ E(G) if and only if β(x)β(y) ∈ E(G). The 
set of all automorphisms of G is denoted by Aut(G). It is not 
difficult to prove that Aut(G) constitutes a group under com-
position of functions. A topological index for G is a number 
that is invariant under Aut(G). Clearly, the set of vertices and 
edges of G are topological indices of G. Suppose G is con-
nected and x, y are vertices of G. The topological distance 
between x and y is the length of a minimal path connecting 
them. This number is denoted by d(x,y). The maximum value 
of d(x,y) over all vertices of G is diameter and the minimum 
is radius of G. These numbers are denoted by D(G) and R(G), 
respectively. A topological index defined as a function in 
terms of the topological distance function d(−,−) is called a 
distance-based topological index.

Suppose G is a hexagonal system, e = xy, f = uv ∈ E(G), 
and w ∈ V(G). Define d(w,e) = Min{d(w,x), d(w,y)}. We say 
that e is parallel to f if d(x,f) = d(y,f) and we write e || f.

Theorem 10.1: || Is a Reflexive and 
Symmetric but Not Transitive.

Proof. Reflexivity is clear. We first assume that e = xy is par-
allel to f = uv. Then, d(x,f) = d(y,f). If d(x,u) = d(x,v) then we 
obtain a cycle of odd length containing the edge f, contradict 
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by bipartivity of hexagonal systems. Hence, d(x,u) ≠ d(x,v) 
and similarly d(y,u) ≠ d(y,v). Without loss of generality we can 
assume that d(x,u) < d(x,v). Then, by assumption d(y,v) < d(y,u) 
and we can see that d(x,u) = d(y,v), d(x,v) = d(y,u). On the 
other hand, d(x,u) < d(x,v) and d(y,v) < d(y,u) imply that 
d(x,v) = d(x,u) + 1 and d(y,u) = d(y,v) + 1. This shows that 
d(u,e) = Min{d(u,x),d(u,y)} = Min{d(x,v) − 1,d(y,v) + 1} = M
in{d(y,u) – 1, d(x,u) + 1} = Min{d(y,v), d(x,v)} = d(v,e), which 
shows that || is symmetric. To prove that || is not transitive, 
we consider the graph of a polyhex nanotorus depicted in 
Figure 10.1. In this graph, e || f and f || g but e is not paral-
lel to g.

Question 10.1:  Under What Condition(s) Is Parallelism 
an Equivalence Relation?

Suppose G is a hexagonal system and e ∈ E(G). We define 
P(e) to be the set of all edges parallel to e and N(e) = |P(e)|.

In this chapter, we study some well-known classes of 
bounded graphene lattice. Throughout this chapter our nota-
tions are standard and taken mainly from [5,6].

10.2 SYMMETRY

Suppose A is a k-dimensional figure. A continuous one-to-one 
and onto function α from the k-dimensional Euclidean space 
Rk into Rk is called a symmetry if and only if α−1 is continu-
ous and α(A) = A. The set of all symmetry elements of A is 
denoted by Sym(A). It is easy to see that Sym(A) is closed 
under composition of functions and identity function is an ele-
ment of Sym(A).

A hexagonal system is a 2-connected plane graph such 
that its each inner face is a regular hexagon of side length 1. 
Suppose G is a symmetry group containing two symmetry 
elements a and b such that a2 = b2 = (ab)n = identity. Then, we 
say that G has dihedral symmetry group. The order of this 
group is obviously 2n. For example, the symmetry group of 
a regular n-gon has dihedral type. A group generated by one 
element of order n is denoted by Zn. An abelian group gener-
ated by two elements of order two is denoted by K4, the Klein 
four-group.

Let Hn be a hexagonal system consisting of one central 
hexagon which is surrounded by n − 1 layers of hexagonal 

cells when n ≥ 1 (Figure 10.5). Hn is a molecular graph, cor-
responding to benzene (n = 1), coronene (n = 2), circumcoro-
nene (n = 3), circum-circumcoronene (n = 4), and so on. We 
are now ready to state our second result as follows:

Theorem 10.2 The Hexagonal Graph Hn Has 
Dihedral Group Symmetry of Order 12.

In Figure 10.3, a two-dimensional shape of the hexagonal-
parallelogram P(n, k) is depicted. It can be verified that 
|V(P(n,k))| = 2(n + 1)(k + 1) − 2, |E(P(n,k))| = 3nk + 2(n + k) 
– 1, and D(P(n,k)) = 2(n + k) − 1. From this figure one can see 
that the symmetry group in the case that n = k or n ≠ k are 
different, see [7,8] for details.

Theorem 10.3: The Hexagonal-Parallelogram 
P(n, k) Has a Klein Symmetry Group, If n = k, and 
a Cyclic Symmetry Group of Order Two, If n ≠ k.

Following Shiu et  al. [9], a hexagonal rectangle is called 
hexagonal jagged-rectangle, or simply HJR, if the number 
of hexagonal cells in each row is alternative between n and 
n − 1. Obviously, there are three types of HJR. If the top 
and bottom rows are longer we shall call it HJR of type I 
and denote by In,m. If the top and bottom rows are shorter 
we shall call it HJR of type K and denote by Kn,m. The last 
one is called HJR of type J and denoted by Jn,m, Figures 10.4 
through 10.6.

Theorem 10.4: The HJR of Type I and K Have 
Klein Symmetry Group and the HJR of Type 
J Has Cyclic Symmetry Group of Order 2.

Consider the hexagonal triangle graph T(n) of Figure 10.7, 
containing j hexagons in the jth row, 1 ≤ j ≤ n. This graph 
is related to the atomic structure of bipod-shaped nanocrys-
tals. Since the graph G has an equilateral figure, |E(G)| = 3
(2 + 3 + 4 + … + (n + 1)) = 3/2(n2 + 3n). By a simple argu-
ment we have

Theorem 10.5: The Molecular Graph of T[n] Has 
a Non-Abelian Symmetry Group of Order 6.

In the end of this section, generator sets for the symme-
try group of some small shape of these hexagonal systems, 
Figures 10.2 through 10.7 are presented. We start by T[5]. 
Define
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FIGURE 10.1 Polyhex nanotorus.
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Then, a simple code by GAP (groups, algorithms, and 
programming) [10] shows that the Sym(T[5]) is generated by 
{X1,X2}. We now consider the hexagonal system I7,5. Consider 
the following two permutations:
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FIGURE 10.3 Hexagonal-parallelogram graph.

FIGURE 10.2 Hexagonal graph H5.

FIGURE 10.4 Graph In,m.

FIGURE 10.6 Graph Kn,m.

FIGURE 10.7 Graph of T[n].
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Then we can apply again computer algebra system GAP to 
prove that Sym(I7,5) can be generated by Y1 and Y2. Consider 
the molecular graph of H5. To calculate a generating set for 
the symmetry group of this hexagonal system, we assume that
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9 12
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Then we can see that the symmetry group of H5 is gener-
ated by above permutations. As a final example we consider 
the molecular graph of P(5, 5). Then the following two per-
mutations generate the symmetry group of this hexagonal 
system:
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10.3 TOPOLOGY

Let G be a connected graph on n vertices and e = uv ∈ E(G). 
Define nu(e) to be the number of vertices closer to u than v and 
mu(e) to be the number of edges closer to u than v. The quanti-
ties nv(e) and mv(e) are defined analogously. Then the Wiener 
index W(G) [11], the edge Wiener index We(G) [12,13], the PI 
index [14], and the Szeged index Sz(G) [15], are respectively 
defined as follows:

 I. W(G) = ∑{u,v}⊆V(G)d(u,v),
 II. We(G) = ∑{f,g}⊆E(G)de(f,g),
 III. PI(G) = |E|2 − ∑e∈E(G)(mu(e) + mv(e)),
 IV. Sz(G) = ∑uv∈E(G)nu(e)nv(e).

Define N(e) = |E| − (mu(e) + mv(e)), where e is an edge of 
the graph G. Then one can easily see that PI(G) = |E|2 − ∑e∈E(G)

N(e). We start our topology discussion with the hexagonal 
graph T[n]. Since an arbitrary edge e of the jth row of T(n) 
has exactly j + 1 parallel edges, ∑e∈GN(e) = 3[22 + 32 + … + 
(n +  1)2] =  1/2[2n3 +  18n2 +  13n] =  n3 +  9n2 +  13/2n. 
Therefore,

Theorem 10.6: [16] PI(T[n]) = |E|2 − ∑e∈E(G)

N(e) = 1/4[9n4 + 50n3 + 63n2 − 26n].

To compute the Szeged index of this graph, we first notice that 
|V(G)| = 3 + 5 + … + (2n + 1) = n2 + 4n + 1. We have

Theorem 10.7: [16] Sz(T[n]) = 1/4[n6 + 12n5 + 49n4 + 
84n3 + 58n2 + 12n].

Alizadeh and Klavžar [8] introduced an interpolation method 
to obtain closed formulas for some distance-based topologi-
cal indices of families of hexagonal graphs. They discuss 
the method on 2-parametric families of graphs. We mention 
here one of the main results of the mentioned paper regarding 
Wiener, Szeged, and edge Wiener index of hexagonal graph 
Hn. It is advantageous here to mention that the Wiener and 
Szeged indices of this graph for the first time was reported in 
[9,16], respectively.

Theorem 10.8: [8] W(Hn) = 164/5n5 – 6n3 + n/5 and 
We(Hn) = 369/5n5 – 123/2n4 + 15n3 – 3/2n2 + 6/5n.

Since the jth row of the graph Hn has exactly n + j vertical 
edges, |V(G)| = 6n2 and |E(Hn)| = 3{2[(n + 1) + (n + 2) + … + 
(2n − 1)] + 2n} = 9n2 − 3n. If e is an arbitrary edge of the jth 
row of this graph, 1 ≤ j ≤ n − 1, then e has exactly n + j paral-
lel edges and we have

Theorem 10.9: [14] PI(Hn) = 81n4 – 68n3 + 12n2 – n 
and Sz(Hn) = 54n6 – 3/2n4 + 3/2n2.

We are now ready to consider the topology of hexagonal-par-
allelogram P(n, k). Alizadeh and Klavžar [8] proved that
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Theorem 10.10: The Edge Wiener and Szeged Indices of 
P(n,k) Can Be Computed by the Following Formulas:
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We now calculate the PI index of this graph in the cases 
that m = n. It is clear that |E(P(n,n))| = 3n2 + 4n – 1 and 
|V(P(n,n))| = 2n2 + 4n. Let A, B, and C denote the set of 
all vertical, left oblique, and right oblique edges of P(n,n). 
Then, ∑e∈E(Qn,n)N(e) = ∑e∈AN(e) + ∑e∈BN(e) + ∑e∈CN(e) and 
we have

Theorem 10.11: [16] The PI Index of 
P(n,k) Is Computed as Follows:
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The Wiener index of this molecular graph is reported by 
Klavžar et al. in [17].

Theorem 10.12: [17] The Wiener Index of P(n,k) 
Is Computed by the Following Formula:
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In the end of this chapter, the Wiener and PI indices of HJR 
hexagonal systems are investigated.

Theorem 10.13: [9] The Wiener Index of 
HJR Can Be Computed as Follows:
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Theorem 10.14: [16] The PI Index of HJR Is as Follows:
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10.4 CONCLUSIONS

In this chapter, the symmetry and topology of some graphene-
like structures are described. We focused on symmetry and 
distance-based topology on some important structures in 
nanoscience. Only distance-based invariants with close rela-
tionship with experiment are taken into account. However, 
it is possible to describe a molecular structure by a polyno-
mial or matrix as numbers. In [18–20], Ori and his coworkers 
considered some different problems related to the topology 
of graphene-like structures by polynomial approaches. Then 
they computed the limit of related counting polynomial when 
the number of carbon atoms tends to infinity. By this method, 
it is possible to discover symmetries for these nanostructures 
in large systems.
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11 N-Doped Graphene for Supercapacitors

Dingsheng Yuan and Worong Lin

ABSTRACT

Nitrogen-doped carbon nanomaterials have attracted increas-
ing research interest in energy storage and conversion due to of 
their electrocatalysis and pseudocapacitance characteristics, 
which are the potential excellent candidates as the electrode 
materials in lithium–O2 and zinc–O2 batteries, ultracapaci-
tors, and fuel cells. Among these, N-doped graphene is the 
most considerable carbon material. In this chapter, the nitro-
gen contents, species, synthesis methods, and application 
on nitrogen-doped graphene are summarized. The practical 
applications of NG were mainly focused on the ultracapaci-
tors for energy storage. Nitrogen atoms have been doped in 
pristine graphene, resulting in electron structure change and 
forming redox active sites. Therefore, electrochemical perfor-
mance of NG has been visibly improved for potential appli-
cations as high-energy density, ultrahigh-power density, and 
long cycling stability capacitors in the micro-device, vehicle, 
lift, and the other devices at high rates.

11.1 INTRODUCTION

Carbon is a fascinating element in the periodic table, which 
is composed of a few allotropes. To date, graphene is the 
“youngest” allotrope in the carbon family. Simultaneously, 
graphene is also the basic building block of other important 
carbon allotropes. Since Geim group isolated “free” and “per-
fect” graphene sheets and demonstrated the unprecedented 
electronic properties of graphene in 2004, considerable atten-
tion has been given to the study on graphene owing to its high 
mobility, Hall Effect, transparency, mechanical strength, and 
thermal conductivity [1,2].

In recent years, nitrogen atoms introduced into the hon-
eycomb lattice of graphene have gained increasing research 
interest. A nitrogen atom has one extra electron in comparison 

with a carbon atom. For the N-doped graphene (NG), the extra 
electron energy level lies around the nitrogen atom and gives 
a rise to a donor state near the Fermi level [3]. N-configuring 
graphene is attributed to n-type doping, in which the electron 
structure was changed, resulting in N-graphene different from 
the pristine graphene. The content and doping species (gra-
phitic-N or quarternary-N (N-Q), pyrrolic-N (N-5), pyridinic-
N (N-6), cyanide (-CN), and pyridinic-N-oxide) of nitrogen 
and the synthesis methods of NG are summarized and listed 
in Table 11.1. Due to the special characteristics of NG, many 
researchers and scientists are focusing their attention on 
N-doped graphene involving catalyst carriers, metal-free 
electrocatalysts for oxygen reduction reaction (ORR), ultra-
capacitors, biosensors, and electronic devices. In this chapter, 
the NG was focused on the ultracapacitors (UCs).

11.2  NITROGEN-DOPED SPECIES 
AND CONTRIBUTION OF 
ACTIVE SITES IN GRAPHENE

The species of nitrogen in NGs contain graphitic-N or 
quarternary-N, pyrrolic-N, pyridinic-N, cyanide (-CN), and 
pyridinic-N-oxide, as shown in Figure 11.1. However, a spe-
cific NG includes two or three, even four kinds of N-doping 
species, depending on N-containing carbon precursors and 
synthesis methods of nitrogen doped [10,24]. Nitrogen as rich 
electron element has been doped in the honeycomb lattice of 
graphene to take the place of the carbon element that cor-
responds to nitrogen atoms bonded to three carbon atoms, 
named as N-Q, changing the electron state in network and 
improving the conductivity. Therefore, the graphene with 
N atom exhibits metallic properties helpful with the elec-
tron transport [25]. Generally, N-5 and N-6 lie at the edges 
of graphene, where nitrogen atom is bonded to two carbon 
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atoms, creating cavities and defects. The nitrogen atom of N-6 
contributes one p-electron to the aromatic π-system and has 
a lone electron pair in the plane of the ring, whereas as for 
pyrrolic-N, the nitrogen atom contributes two p-electrons to 
the π-system, and a hydrogen atom is bound in the plane of 
the ring [26,27]. Due to high electron density, N-5 and N-6 act 
as the acceptor and can accept the donors, thereby causing the 
redox reactions for contributing to pseudocapacitance [10,24].

The species of nitrogen in graphene are usually detected 
by x-ray photoelectronic spectroscopy (XPS). The binding 
energy of N-6, N-5, N-Q, and pyridinic-N-oxide are centered 
at 398, 400, 401, 402–405 eV, respectively. However, Jeong 

et al. reported on a plasma-enhanced chemical vapor deposi-
tion (PECVD) nitrogen-doping process. Nitrogen atoms were 
expected to successfully replace carbon atoms in the original 
graphene sheets and form three species of N-6, N-5, and N-Q 
verified by scanning photoemission microscopy (SPEM) [10].

Figure 11.2 shows their N-configuration mappings within 
single sheets of NG using SPEM. They demonstrated that this 
technique was able to detect N-configurations at various spots 
within a single sheet of NG so that N-configurations at basal 
planes and edges were clearly distinguishable. From their dis-
tribution data in Figure 11.2, N-configurations between basal 
planes and edges can be addressed. N-doping took place even 
at the basal plane as shown in Figure 11.2g. This observation 
suggests that defects at basal planes generated by the plasma 
process can initiate N-doping at basal planes. Their obser-
vation was different from the previous predictions of Dai’s 
groups, related to thermal doping processes that N-doping 
would take place only at edges due to their higher reactivi-
ties [17,28]. As the plasma process progresses further, at 
basal planes the N-5 portion increased but the N-Q portion 
decreased: this trend might be due to increased basal plane 
defects that did not allow the N-Q formation but the N-5 for-
mation. For the same reason, associated with the necessity 
of neighboring defects for the N-5 formation, the N-5 por-
tion appeared higher at edges than at basal planes (see Figure 
11.2g through i). At all the plasma durations, there were some 
spot-to-spot deviations in N-configuration distributions. 
Simultaneously, for comparison, the authors also provided 
N-configuration data, which were obtained for bulk-scale 

TABLE 11.1
N Content of Nitrogen-Doped Graphene by Different Methods under Different Dopants

No. Synthesis Method Precursors Types of N (N content, at.%) Reference

1 CVD CH4, H2, and NH3 N-G, N-6, and -CN (0.44%) [4]

2 CVD Ar/H2, hexane, and acetonitrile N-6, N-5, and N-G (9%) [5]

3 CVD Ar/H2, pyridine vapor, and methane N-6 and N-G (2.4%) [6]

4 CVD H2, Ar, and 1,3,5-triazine N-6, N-5, and N-G (5.6%) [7]

5 CVD CH4 and NH3 N-6 and N-G (0.25%) [8]

6 CVD CH4 and NH3 N-6, N-5, and N-G (8.9%) [9]

7 PECVD GO and nitrogen plasma N-6, N-5, and N-G (1.68%–2.51%) [10]

8 Arc-discharge Graphite electrodes in the presence of He and pyridine N-6 and N-G (1.4%) [11]

9 Arc-discharge Graphite rod in He and NH3 N-6 and N-G (1%) [12]

10 Arc-discharge Graphite evaporation in H2 and pyridine (0.6–1.0 wt%) [13]

11 Thermal annealing Graphite oxide with melamine N-6, N-5, and N-G (10.1%) [14]

12 Thermal annealing Graphene oxide, H2, and N2H4 N-6, N-5, N-G, and –CN (3 wt%) [15]

13 Thermal annealing GO and ammonium N-6 and N-5 [16]

14 Thermal annealing Graphite oxide with NH3 N-6, N-5, and N-G (3%–5%) [17]

15 Hydrothermal Graphene oxide, NH3, and hydrazine hydrate N-6, N-5, and pyridinic-N oxide (7%) [18]

16 Hydrothermal GO solution, N2H4, and ammonia N-6, N-5, N-G, -CN, and pyridine-N oxides (7.4%) [19]

17 Solvothermal Cyanuric chloride, lithium nitride, and tetrachloromethane N-6, N-5, and N-G (16.4%) [20]

18 Nitrogen plasma 
treatment

Graphene and nitrogen atmosphere N-6, N-5, and N-G (1.35%) [21]

19 Pyrolysis of graphene 
nanoribbons

Pyrolyzing GNR/PANI N-6, N-5, N-G, and pyridine-N oxides (8.3 wt%) [22]

20 Microwave Irradiation GO with NaNH2 N-6, N-5, N-G, and –CN (4%–8%) [23]

Pyrrolic−N Graphitic−N Pyridinic−N

Pyridinic−N−oxide−NCyanide−like

FIGURE 11.1 Nitrogen types in the NG.
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samples using typical XPS measurements. These bulk-scale 
data turned out to be consistent with the local mapping data in 
that throughout the plasma process the N-5 portion continu-
ously increased, but the N-Q portion continuously decreased, 
and the N-6 portion remained almost steady [10].

Raman spectrum is used to analyze the structure change of 
N-doped graphene, which is an effective method to detect the 
defects of NG [11,29,30]. It is important to know how it corre-
lates with the concentration of carriers or dopants. The shift in 
the G-band frequency measured by Raman spectroscopy has 
many physical contributions. Rao groups [11] considered cal-
culations combined with experiments to uncover their relative 
magnitudes. They demonstrated that the shifts in vibrational 
frequencies of graphene with N-doping indeed had opposite 
signs if one took into account only the changes in bond length 
obtained at a fixed lattice constant. However, the relaxation 
or the change of lattice constant is highly asymmetric: the 
lattice constant decreased slightly with 2% N-substitution 

in single layer graphene, resulting in a slight increase in fre-
quency, respectively. The calculated results were contrary to 
their measured trends. When they adopted the dynamic cor-
rections followed as References 31 and 32, the frequency shifts 
became positive, in good agreement with their experimental 
observations reported. Similar changes in the G-bands of 
bilayer graphene were estimated from their calculations with 
N-substitution, assuming the same magnitude of dynamic 
corrections as in the monolayer. Rao et  al. concluded that 
N-graphene can be synthesized to exhibit n-type semicon-
ducting electronic properties that can be systematically tuned 
with the concentration of N, and that they can be characterized 
with Raman spectroscopy. Interestingly, elemental doping and 
electrochemical doping produce similar shifts in the Raman 
G-band, but molecular charge-transfer gives rise to different 
effects. Realization of such n-type conducting graphene bilay-
ers should be usable in a variety of devices similar to those 
based on semiconductors [11]. In addition, graphene-doped 
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permission from Jeong, H. M. et al. Nitrogen-doped graphene for high-performance ultracapacitors and the importance of nitrogen-doped 
sites at basal planes. Nano Letters. 11:2472–7. Copyright 2011 American Chemical Society.)
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nitrogen will cause the defects to increase and the intensity of 
D band is increased comparable with graphene.

11.3  DOPING METHODS OF 
NITROGEN INTO GRAPHENE

The different contents and doping species of nitrogen were 
doped into honeycomb lattice of graphene via chemical vapor 
deposition (CVD) [4–10,33], arc discharge [11–13], nitrogen 
plasma process [21], electrothermal reaction [28] or thermal 
annealing graphite oxide (GO) [14–17], hydrothermal and 
solvothermal reaction [18–20,34] and denotation process [35], 
and so on. In general, graphene directly grown or graphite 
oxide (GO) was employed as the host material and some small 
molecules such as N2, NH3, N2H4, acetonitrile, urea, melamine 
(C3H6N6) [33], and dicyandiamide (N4H4) [36], were used as 
the doping reagents. The different methods present the differ-
ent advantages and disadvantages in the preparation of NG. 
The main methods are summarized as follows.

11.3.1 nitroGen doped into Graphene By cvd

The chemical vapor deposition is popularly employed to pre-
pare graphene and N-doped graphene. Substitutional doping 
with heteroatoms via CVD provides an effective route for 
simple and stable tuning of doping levels in graphene. CVD 
are reliable and straightforward methods to fabricate single- 
and few-layers NG. However, these processes suffered from 
rigorous conditions and complicated equipment, accompa-
nied by low yields and high cost. In addition, the nitrogen 
precursors of pyridine and the NH3 are also adverse to the 
environment and subsequent treatments [34]. CVD is usually 
limited to the use of gaseous raw materials, making it difficult 
to apply the technology to a wider variety of potential feed-
stocks. N-doped graphene is obtained by being introduced to 
a doping gas (NH3) into the CVD systems during graphene 
growth [9] or through the treatment of synthesized graphene 
oxide (GO) with N2 through plasma-enhanced CVD [10].

To realize graphene-based electronics, Liu and co-workers 
prepared NG via a CVD process by using a 25 nm thick of 
Cu film on a Si substrate as the catalyst, where CH4 and NH3 
were introduced into the flow as the C source and N source at 
800°C, respectively. This was the first experimental example 
of the substitutionally doped graphene, which was hard to be 
produced by other methods. The CVD method was a nonde-
structive route to produce graphene and realize the substitu-
tional doping, as the doping accompanies with the recombination 
of the carbon atoms into the graphene in the CVD process. 
The electric measurement presented NGs like an n-type semi-
conductor, indicating that the doping can modulate the elec-
trical properties of graphene. This research provided a new 
type of graphene experimentally, which was required for the 
applications of graphene [9].

Recently, large-area mosaic N-doped graphene [37] was 
successfully grown on annealed copper foil loaded inside 
a homemade low-pressure CVD system using methane and 
acetonitrile, as shown in Figure 11.3. Yan et al. employed a 

well-controlled CVD process for direct growth of mosaic 
NG, wherein acetonitrile vapor was introduced as a nitrogen-
containing carbon precursor. Mosaic graphene was produced 
in large-area monolayers with spatially modulated, stable, 
and uniform doping, and showed considerably high room 
temperature carrier mobility of 2500 cm2/(V s) in nitrogen-
doped portion. The unchanged crystalline registry during 
modulation doping indicated the single-crystalline nature 
of p–n junctions. Efficient hot carrier-assisted photocurrent 
was generated by laser excitation at the junction under ambi-
ent conditions. They indicated that this was a facile avenue 
for large-scale synthesis of single-crystalline graphene p–n 
junctions, allowing for batch fabrication and integration of 
high-efficiency optoelectronic and electronic devices within 
the atomically thin film.

Interestedly, Sun et al. developed a solid carbon sources 
(poly methyl methacrylate, PMMA) and solid doping 
reagents (melamine, C3H6N6) to prepare N-doped graphene 
via one step without any changes to the CVD system [33]. 
C3H6N6 was mixed with PMMA and spin-coated onto the 
Cu surface. In order to keep the nitrogen-atom concentra-
tion in the systems, they had used conditions similar to those 
employed for the growth of PMMA-derived graphene at 
800°C for 10 min, except that the growth was done at atmo-
spheric pressure. N-doped graphene had an N content of 
2%–3.5%. The D peak of this material was always presented 
in the Raman spectra, because the heteroatoms break the 
graphene symmetry and thereby introduce the defects that 
were detected by Raman analysis. XPS analysis indicated 
that only one type of N was presented at 399.8 eV, corre-
sponding to N-Q in graphene.

Kang’s group presented that the dried GO was reduced by 
a plasma-enhanced CVD process [10]. In this process, the GO 
was first reduced by a hydrogen plasma process. Subsequently, 
after the reduction step, nitrogen plasma was introduced onto 
the graphene surfaces to obtain NG, as shown in Figure 11.4. 
Three species of N-6, N-5, and N-Q had been successfully 
doped into the original graphene sheets confirmed by SPEM 
and XPS. The N contents of 1.86%, 2.39%, and 2.51% were 
doped into graphene, corresponding to the different plasma 
treatment time of 1, 2, and 3 min, respectively.

11.3.2 arc discharGe

Since Krastchmer and Hoffman had first used arc-discharge 
method to prepare C60 in 1990, it was widely used to prepare 
carbon nanomaterials such as fullerene, carbon nanotubes, 
and graphene. The electric arc oven for synthesis of graphene 
mainly comprises two electrodes and a steel chamber cooled 
by water. The cathode and anode are both pure graphite rods. 
The current in the discharge process is maintained at 100–150 
A. Up to now, the atmospheres for arc evaporation of graph-
ite rods are H2, NH3, and He, air. As the rods are brought 
close together, discharge occurs resulting in the formation 
of plasma. As the anode is consumed, the rods are kept at a 
constant distant from each other of about 1–2 mm by rotating 
the cathode. When the discharge ends, the soot generated is 
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collected under ambient conditions. Only the soot deposited 
on the inner wall of the chamber is collected, avoiding the 
substance at the bottom of the chamber, for the latter tends 
to contain other graphitic particles [38]. The kinds of method 
for the carbon nanomaterial also suffer energy consumption 
and high cost.

Nitrogen-doped graphene had been prepared by carry-
ing out arc discharge in the mixing atmosphere of He and 
NH3 [12], H2 and pyridine, H2 and ammonia, or transforma-
tion of nanodiamond in the presence of pyridine [11,13,39]. 
Li et  al. synthesized the graphene sheets with mainly 2–6 
layers and the sizes of 100–200 nm. The multilayered gra-
phene sheets can be purified by a simple heat treatment pro-
cess. The content of N atoms on the multilayered graphene 
sheets can be tuned by simply changing the proportion of 
NH3 in the atmosphere. The high-resolution XPS spectra of 

N1s at 399.59 eV is pyrrolic-like N-doping, rather than pyr-
idine-type described by Reference 12. The element analysis 
showed that the content of N was about ~1% for the sam-
ple produced in the atmosphere of pure NH3. Rao’s groups 
systematically reported on a series of synthesis and char-
acterization of N-doped graphene by arc-discharge method 
[11,13,39]. They concluded that NG can be synthesized to 
exhibit n-type semiconducting electronic properties that can 
be systematically tuned with the concentration of N, and 
that they can be characterized with Raman spectroscopy. 
The elemental doping and electrochemical doping produce 
similar shifts in the Raman G-band, but molecular charge-
transfer gives rise to different effects (see Raman analysis 
in Section 11.2). Realization of such n-type conducting gra-
phene bilayers should be usable in a variety of devices simi-
lar to those based on semiconductors.
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FIGURE 11.3 Synthesis and morphology of modulation-doped graphene. (a) Top: schematic drawing of modulation doping growth. The 
nucleation and expanding stages were grown with alternate forming gases. Bottom: schematic diagram of mosaic graphene, where pixels 
with different colors represent graphene with different doping levels. (b) OM image of mosaic graphene transferred onto 300 nm SiO2/Si 
substrate. Scale bar, 10 mm. Inset: AFM image of mosaic graphene. Scale bar, 5 mm. (c, d) Typical SEM images of random and ordered 
mosaic graphene, respectively. Intrinsic and N-doped portions can be identified by the contrast. Scale bars, 2 mm. (e, f) Typical SEM images 
with two and three modulation cycles, respectively. These high-order structures behave as irregular homocentric disks with radial dop-
ing modulations. Scale bars, 2 mm. (g) Large-area mosaic graphene transferred onto a 4-in. silicon wafer. (Reprinted by permission from 
Macmillan Publishers Ltd. Nat Commun., Yan, K. et al. Modulation-doped growth of mosaic graphene with single-crystalline p–n junctions 
for efficient photocurrent generation. 3:1280, copyright 2012.)



172 Graphene Science Handbook

11.3.3 hydrothermaL and soLvothermaL reaction

Solvothermal processes are known for their simple operation, 
mild synthesis conditions, and capability to deliver relatively 
large quantities [20]. Deng et al. applied a solvothermal pro-
cess for synthesis of N-doped graphene based on the reaction 
of tetrachloromethane with lithium nitride below 350°C for 
the first time. The schematic illustration mechanism for sol-
vothermal synthesis of NG is presented in Figure 11.5. They 
believed that this facile method will enable production of 
N-doped graphene at a larger scale because the yield is only 
limited by the capacity of the autoclave. N-5, N-6, and N-Q 
had been successfully doped. Most importantly, the high N/C 
ratio (16.4%) was obtained with the additional cyanuric chlo-
ride in the above-mentioned experimental process.

The hydrothermal process as an environmental-friendly 
and low-cost method had been considered. Fu’s groups 

prepared nitrogen-doped graphene nanosheets with nitro-
gen level as high as 10.13 at.% via a hydrothermal reaction 
of graphene oxide (GO) and urea (see Figure 11.6) [34]. The 
nitrogen level and species could be conveniently controlled by 
easily tuning the experimental parameters, including the mass 
ratio between urea and GO and the hydrothermal temperature. 
In the fabrication, the nitrogen-enriched urea played a pivotal 
role in forming NG with a high nitrogen level. N-doping and 
reduction of GO were achieved simultaneously under hydro-
thermal reaction. The N-dopant of urea could release NH3 in 
a sustained manner, accompanied by the released NH3 react-
ing with the oxygen functional groups of the GO and then the 
nitrogen atoms doped into graphene skeleton, leading to the 
formation of NG. Three N-type of N-5, N-6, and N-Q were 
doped into carbon honeycomb lattice.

In addition, NG had been achieved to reduce GO by using 
N2H4 and ammonia as reducing reagents via a hydrothermal 

Nitrogen-doped graphene

N-5

N-Q

N

NH

NN

N

N-6

Graphene oxide

Nitrogen plasma

FIGURE 11.4 Nitrogen-doped graphene by the plasma treatment. A schematic illustration of the plasma doping process. By the plasma 
process with physical momentum, nitrogen atoms replace the existing carbon atoms. (Inset) Possible nitrogen configurations by the dop-
ing treatment. (Reprinted with permission from Jeong, H. M. et al. Nitrogen-doped graphene for high-performance ultracapacitors and the 
importance of nitrogen-doped sites at basal planes. Nano Letters. 11:2472–7. Copyright 2011 American Chemical Society.)
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FIGURE 11.5 Scheme of a proposed mechanism for solvothermal synthesis of N-doped graphene via the reaction of CCl4 and Li3N, where 
black balls represent C atoms, dark for N, light gray for Cl, and dark gray for Li. (Reprinted with permission from Deng, D. H. et al. Toward 
N-doped graphene via solvothermal synthesis. Chemistry of Materials. 23:1188–93. Copyright 2011 American Chemical Society.)
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approach [19]. Yoon and co-workers discussed that the struc-
ture and surface chemistry of the resulting graphene sheets 
were strongly dependent on the hydrothermal temperature. 
Nitrogen content was up to 5 wt% in the NG. Four N-doped 
species of N-5, N-6, N-Q, and pyridine-N oxide were detected 
by XPS spectra. The pyridine structure, located at the 
398.8 eV, showed an increasing tendency with the increase of 
hydrothermal temperature, while the N contents show incon-
spicuous changes for the other N-doped species. However, 
some researchers considered that N2H4 cannot be stored due 
to its toxicity and risk of explosion. To the best of our knowl-
edge, the autoclave was used in the hydrothermal and sol-
vothermal reaction so that the autoclave could be exploded 
because of high pressure. We consider that the large-scale 
carbon nanomaterials obtained by these methods are fan-
cied if the larger autoclaves were used for scalable synthesis. 
Additionally, if the organic reagents were employed as the 
precursors to synthesize the carbon nanomaterials, the as-
synthesized carbon materials with various morphologies are 
co-existed, resulting in purification and separation difficultly.

11.3.4 other deduced methods

Some similar or deduced methods from CVD and PECVD 
and hydrothermal or solvothermal reactions have also been 
reported, for example, electrothermal reaction [28] or thermal 
annealing graphite oxide (GO) [17], nitrogen plasma process 
[21], denotation process [35], and supercritical reaction [40].

Dai’s groups developed electrothermal reaction for pre-
paring NG. Individual graphene nanoribbons (GNRs) were 
covalently functionalized by nitrogen species through high-
power electrical joule heating in ammonia gas, leading to 
n-type electronic doping consistent with theory. The forma-
tion of the carbon–nitrogen bond should occur mostly at the 
edges of graphene where chemical reactivity was high. NG 
had been successfully applied to fabricate an n-type graphene 
field-effect transistor that operates at room temperature [28]. 
They also used a chemical method to obtain bulk quantities 
of N-doped reduced GO sheets through thermal annealing of 
GO in ammonia [17]. The conclusions covered annealing tem-
peratures that affect N-doping level. Nitrogen doped in GO 
occurred at a temperature as low as 300°C, while the highest 

doping level of ~5% N was achieved at 500°C. N-doping was 
accompanied by the reduction of GO with decreases in oxy-
gen levels from ~28% in as-made GO down to ~2% in 1100°C 
NH3 reacted GO. N-6 and N-Q in N-graphene were detected 
by XPS, where the N binding configurations of doped GO 
found pyridinic N in the doped samples and N-Q increased 
in GO annealed with the increase of temperatures. Oxygen 
groups in GO were found responsible for reactions with NH3 
and C–N bond formation. Prereduced GO with fewer oxygen 
groups by thermal annealing in H2 exhibited greatly reduced 
reactivity with NH3 and a lower N-doping level. Electrical 
measurements of individual GO sheet devices demonstrated 
that GO annealed in NH3 exhibited higher conductivity than 
those annealed in H2, suggesting more effective reduction of 
GO by annealing in NH3 than in H2. The N-doped reduced 
GO showed clearly n-type electron doping behavior with the 
Dirac point (DP) at negative gate voltages in three terminal 
devices [17].

Wang et  al. used nitrogen plasma treatment of graphene 
to synthesize successfully N-doped graphene [21]. To prepare 
N-doped graphene, graphene was fixed on the glassy carbon 
electrode, followed by being placed in the plasma chamber, 
which was back filled with a nitrogen atmosphere. By con-
trolling the exposure time, the N percentage in host graphene 
can be regulated, ranging from 0.11% to 1.35%. Interestingly, 
N-doped graphene electrodes were stored at room temperature 
and used directly for the electrochemical glucose biosensing.

A denotation process was explored to synthesize NG at low 
temperature using a denotation process with cyanuric chlo-
ride and trinitrophenol as reagents [35]. A gram-scale NG 
was easily obtained in the laboratory. The authors sound that 
this method allowed scalable synthesis, standing as a comple-
mentary route for large-scale growth of NG. The existence of 
nitrogen substitution with an N/C atomic ratio of 12.5% in the 
graphene sheets, which was greater than those reported in the 
literature, was confirmed by XPS analysis where N-6, N-5, 
and N-Q were verified into carbon lattice, as shown in Figure 
11.7. NG was demonstrated to use as a metal-free electrode 
with excellent electrocatalytic activity and long-term opera-
tion stability for ORR.

Additionally, a supercritical reaction was introduced 
to obtain nitrogen-doped few-layer graphene sheets in 

NGS

O atom N atom

Urea

Hydrothermal reduction

GO

FIGURE 11.6 Schematic procedures for preparation of NG. (Sun, L. et al. 2012. Nitrogen-doped graphene with high nitrogen level via a 
one-step hydrothermal reaction of graphene oxide with urea for superior capacitive energy storage. Rsc Advances. 2:4498–506. Reproduced 
by permission of The Royal Society of Chemistry.)
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acetonitrile at low temperature of 310°C. Tuning reaction 
time from 2 to 24 h, the N-doping level of NG increased from 
1.57% to 4.56 at.%. NG contains N-6, N-5, and graphitic-N 
species [40].

11.4  N-DOPED GRAPHENE FOR ENERGY 
STORAGE IN ULTRACAPACITORS

Ultracapacitors (UCs) or supercapacitors store and release elec-
trical energy based on the electrostatic interactions between 
ions in the electrolyte and electrodes, and this interaction occurs 
in the so-called electrical double layers (EDLs) near the elec-
trode surfaces [10]. Among carbon-based materials, graphene, 
porous carbon materials, and carbon nanotubes have mainly 
attracted considerable interests as electrode materials for elec-
trochemical energy storage because of their high surface area, 
electrical conductivity, chemical stability, and cycling stability. 
In order to further improve the power and energy densities of 
the capacitors, carbon-based composites combining electri-
cal double layer capacitors (EDLC)-capacitance and pseudo-
capacitance have been developed [41]. Based on the previous 
reports [42,43], nitrogen-enriched carbon materials used as 
supercapacitor electrodes is mainly attributed to nitrogen 
groups that can enhance the capacitance by additional Faradaic 
redox reactions and improve the wettability of carbon surface. 
The mechanism of redox reaction in alkaline electrolyte [44] 
was proposed as the following Equation 11.1,

 − −− −C NH H O e C NH OH2 2= + + → +  (11.1)

NG is one of the most attractive carbon materials for UCs. 
Nitrogen introduced into the honeycomb-like carbon network 
changes the graphene structure and electronic state. Therefore, 
the N-content and N-doping species and active sites will influ-
ence the electrochemical energy storage performance of NG. 
In more detail, the pyridinic-N and pyrrolic-N play important 

roles for improving pseudo-capacitance by the redox reaction, 
where this is due to the fact that the nitrogen atoms provide a 
pair of electrons and change the electron donor/acceptor char-
acteristics of carbon materials.

Jeong and co-authors reported a wonderful research on NG 
for UCs. They studied on the N-content and N-doping spe-
cies and their distribution in detail and also on how to affect 
the electrochemical performance [10]. NG can be designed in 
the form of a binder-free ink that can be applied onto vari-
ous flexible substrates such as paper and textiles, as shown in 
Figure 11.8 [10]. The devices were built on conductive paper 
exhibit with capabilities of maintaining capacitances at large 
current densities to those of UCs based on nickel substrates 
(Figure 11.8d). After 10,000 cycles, UCs based on nickel and 
paper substrates showed 95.3% and 99.8% of initial capaci-
tances, respectively (Figure 11.8e). The capacitance retention 
still reached 70% after 230,000 cycles measured over a period 
of ~3 months. The excellent cycle life confirmed again that the 
charging and discharging process based on the electrostatic 
interactions were very robust over a large number of cycles and 
NG UCs should be able to function as long-term energy stor-
age devices. When operated in 1 mol/L TEABF4, a power den-
sity up to ~8 × 105 W/kg and an energy density up to ~48 W 
h/kg were achieved. Especially, NG UCs exhibited superior 
power densities, being ascribed to the significant N-Q portion 
that had been known for the conductivity enhancement.

NG ultracapacitors’ capacitances (~280 F/g electrode) were 
about four times larger than those of pristine graphene. The 
authors considered that the improved capacitances of the NG 
UCs were attributed to the N-configuration distributions (see 
SPEM analysis in Figure 11.2) and their binding energies with 
ions in the electrolyte. The binding energy enhancement (in 
negative scale) would contribute to the capacitance increase 
because larger binding energy results in a larger number of 
ions to be accommodated on the electrode surface even for 
the given surface area of electrode. The theoretic calcula-
tion also illustrated that N-6 at basal planes played a major 
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FIGURE 11.7 XPS survey of the synthesized NG. Inset shows the high-resolution N 1s spectrum (a). Schematic representation of the 
N-doped graphene. The light gray, gray, black, and dark gray spheres represent the C, “graphitic” N, “pyridinic” N, and “pyrrolic” N atoms 
in the NG, respectively (b). (Reprinted with permission from Feng, L. Y., Chen, Y. G., Chen, L. Easy-to-operate and low-temperature syn-
thesis of gram-scale nitrogen-doped graphene and its application as cathode catalyst in microbial fuel cells. Acs Nano. 5:9611–8. Copyright 
2011 American Chemical Society.)
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role in the improved capacitances for all the electrolyte cases 
as N-6 at basal planes exhibited the largest binding energy. 
Simultaneously, N-5 could also contribute further to the 
capacitance increase due to the large binding energies at 
both basal planes and edges [10]. Thus, they affirmed that the 
improved capacitance was primarily based on the N-doping 
effect clearly different from those reported works on the 
improved capacitance of carbon materials based on the con-
tributions of the surface areas and functional groups via using 
the plasma treatment [45,46].

Sun et al. prepared NG of high nitrogen (10.13 at.%) and 
large surface area (593 m2/g) via hydrothermal reaction 
[34]. The specific capacitance of as-synthesized NG reached 
326 F/g at 0.2 A/g and superior cycling stability were obtained 
after 5000 cycles, which even maintained initial capacity in 
6 mol/L KOH electrolyte. The energy density of 25.02 Wh/
kg could be achieved at power density of 7980 W/kg by a 
two-electrode symmetric capacitor test. A series of experi-
ment results demonstrated that not only the N-content but 
also the N-type were very significant for the capacitive behav-
iors, which the N-6 and N-5 played major roles for improving 
pseudo-capacitance by the redox reaction, while N-Q could 

enhance the conductivity of the materials which was favor-
able to the transport of electrons during the charge/discharge 
process. The hydrothermal reaction was a simple and low-
cost approach to obtain high N-content NG materials, which 
could be used as advanced electrodes in high-performance 
supercapacitors.

The 3-dimensional (3D) N-doped graphene framework 
(GF) was recently reported on excellent electrochemical per-
formances for ultrafast UCs [47,48]. Zhao et al. prepared ultra-
light 3D N-doped graphene frameworks that exhibited versatile 
functions such as adsorption and ultracapacitor and ORR [47]. 
In the UCs, GF electrodes performed by three-electrode sys-
tem had presented high-performance capacitive behaviors, as 
shown in Figure 11.9. Cyclic voltammogram (CV) curves of 
GF electrode exhibited an approximately rectangular shape 
at different scan rates, characteristic of the ideal double-layer 
capacitor (Figure 11.9a). The galvanostatic charge–discharge 
curves gave a symmetric triangle feature without obvious 
potential drop (IR drop) at large current densities in Figure 
11.9b. At a current density of 1 A/g, GF presents a specific 
capacitance of 484 F/g at the operating potential of 0.8 V (see 
Figure 11.9c). Accordingly, the theoretical EDL capacitance 
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of 550 F/g for pure graphene was reported by Reference 49. To 
date, the authors considered this as the highest value achieved 
for graphene electrodes. Even at the high current density of 
100 A/g, the capacitance still reaches 415 F/g, which is about 
150% that of N-doped graphene film (~280 F/g) [10], and far 
above that of B and N co-doped 3D graphene (240 F/g) [36]. 
GFs exhibited some unique advantages as a novel type of elec-
trode material for high performance supercapacitors. For the 
practical application, the 2-electrode performance for GFs 
should be carried out.

In 2013, Yu’s groups also reported a unique and conve-
nient hydrothermal process for controlled synthesis and struc-
tural adjustment of 3D nitrogen-doped graphene hydrogels 
(GN-GHs), which can be readily scaled-up for mass pro-
duction of GN-GHs by using organic amine and graphene 
oxide as precursors [48]. In this work, the organic amine 
was illustrated not only as nitrogen sources to obtain the 
nitrogen-doped graphene but also as an important modifi-
cation to control the assembly of graphene sheets in the 3D 
structures. A two-electrode system was employed to test the 
electrochemical performances of the supercapacitor test cells 
of the GN-GHs in aqueous electrolyte at very fast scan rates 
(even 5 V/s) and large current densities (240 A/g). This mate-
rial presented the electrochemical performance for which the 
high power density of 205.0 kW/kg can be obtained at the 
ultrafast charge/discharge rate of 185.0 A/g, and 95.2% of its 

capacitance was retained for 4000 cycles at a current den-
sity of 100.0 A/g. Nevertheless, some drawbacks are that the 
visible IR drops were still found and specific energy density 
should be improved though very high specific power densi-
ties were obtained. The as-synthesized GN-GHs have poten-
tial applications as ultrahigh-power density capacitors in the 
vehicle, lift, and the other devices at high rates. However, 
the hydrothermal reaction relies on the autoclave so that the 
safety and large-scale production are still a challenge.

Wen et  al. successfully fabricated highly crumpled nitro-
gen-doped graphene nanosheets (C-NGNSs) with a high pore 
volume of 3.42 cm3/g from the GO and cyanamide (NH2CN) 
at 900°C. The C-NGNSs exhibited significant improvement in 
terms of various performance parameters of supercapacitors 
(e.g., capacity, rate, and cycling) due to the abundant wrinkled 
structures, high pore volume, nitrogen doping, and improved 
electrical conductivity [50]. C-NGNSs were carried out on 
performing the electrochemical energy storage by 3-electrode 
system in 6 mol/L KOH aqueous electrolyte. The electrochem-
ical measurement indicated that C-NGNSs-900 was an opti-
mal material. Therefore, the energy storage of C-NGNSs-900 
was studied in detail by a symmetrical two-electrode sys-
tem in 1.0 mol/L [Bu4N]BF4 acetonitrile solution. In organic 
electrolyte, the operating potential window of 3.0 V was pre-
sented. The C-NGNSs-900 possessed a specific capacitance 
approaching 248.4 F/g at 5 mV/s. Even this showed only a 

0 200 400 600 800 10000 20 40 60 80 100

0.0
0.0

0.2

0.4

0.6

0.8

−0.05

−0.10

0.00

0.05

0.10

0.2 0.4 0.6 0.8 0 10 30 40 6050 70 80

200

400

600

0

200

400

600

0

20

100 A/g

100 A/g
60 A/g
30 A/g
10 A/g10 mV/s 50 mV/s 100 mV/s

(b)(a)

(c) (d)

Current density (A/g)

Po
te

nt
ia

l (
V

)

Time (s)Potential (V)

Cycle times

Cu
rr

en
t (

m
A

)
Ca

pa
ci

ta
nc

e (
F/

g)

Ca
pa

ci
ta

nc
e (

F/
g)

FIGURE 11.9 (a) CVs of a GF electrode in 1 mol/L LiClO4 aqueous solution. (b) The galvanostatic charge–discharge curves at a cur-
rent density of 10, 30, 60, and 100 A/g. (c) The specific capacitances calculated from the discharge curves under different current density. 
(d) Cyclic stability of the GF-based capacitor with a current density of 100 A/g. (Zhao, Y. et al.: A versatile, ultralight, nitrogen-doped gra-
phene framework. Angew Chem Int Edit. 2012. 51:11371–5. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)
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slight decrease to 183.3 F/g at the high scan rate of 1000 mV/s. 
A similar specific capacitance of 245.9 F/g was obtained by the 
galvanostatic charge/discharge at 1.0 A/g. In addition, the volt-
age drop at the initiation of the discharge is extremely small 
(0.089 V), even at a high current density of 10 A/g, indicat-
ing a very low equivalent series resistance (ESR) in the sym-
metric supercapacitor and the potential of C-NGNSs-900 for 
high-power operations. In the cycling stability measurement, 
the C-NGNSs-900 supercapacitors maintained around 96.1% 
of the corresponding initial specific capacity. Additionally, the 
aqueous supercapacitor for C-NGNSs-900 was also investi-
gated in 6.0 mol/L KOH aqueous electrolytes, which exhibited 
302 F/g at a scan rate of 5 mV/s and a broad operating potential 
of 2.0 V in aqueous electrolytes. In the aqueous electrolyte, 
2.0 V operating potential is very unusual.

11.5 SUMMARY AND PERSPECTIVES

In this chapter, the nitrogen-doped contents, species, distri-
bution maps, and methods in graphene were summarized. 
The practical applications of NG were mainly focused on the 
ultracapacitors for energy storage. Nitrogen atoms have been 
introduced in the pristine graphene, resulting in the electron 
structure change and forming redox active sites. Therefore, 
electrochemical performances of NG have been visibly 
improved for potential applications as high energy density, 
ultrahigh-power density, and long cycling stability capaci-
tors in the micro-device, vehicle, lift, and the other devices at 
high rates. However, low-cost and scalable synthesis methods 
should be developed as the specific energy density of NG is 
still low for practical application. In future, nitrogen-doped 
graphene should be anchored by battery materials such as 
metal oxides and metal hydroxides and conducting polymers 
with very high pseudo-capacitance, improving the specific 
energy density and sacrificing a part of cycle life of UCs. 
However, NG combined with metal oxides, metal hydroxides, 
and conducting polymers are fabricated in the asymmetric 
ultracapacitors of aqueous and organic solid-state electrolyte, 
enhancing the operating potentials. Safe hybrid ultracapaci-
tors with high capacity should be the focus of development.
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12 Electrical and Optical Properties and 
Applications of Doped Graphene Sheets

Ki Chang Kwon and Soo Young Kim

ABSTRACT

Graphene, a single layer of sp2-bonded carbon atoms, has 
attracted much attention due to its unique physical properties. 
The electronic properties of graphene sheets have recently 
attracted strong experimental and theoretical interest. Recently, 
large-area graphene sheets were successfully synthesized by 
chemical vapor deposition. One of the most attractive applica-
tions of large-scale graphene is as flexible transparent conduct-
ing films for electronic devices. For application to a large-area, 
flexible transparent conducting electrode, many research-
ers have focused on the synthesis of graphene with a high 
transmittance (>90%) and low sheet resistance (<200  Ω/◽). 
Transmittance and sheet resistance have become acceptable for 
replacing commercial transparent conducting electrodes such 
as indium tin oxide (ITO). Even though graphene was reported 
to be used as a transparent electrode in optoelectronic devices, 
graphene-based devices have usually underperformed relative 
to ITO-based ones. One of these problems was induced by the 
energy level difference between the graphene electrode and the 
other active layers in electronic devices. Therefore, modula-
tion of the work function in the graphene layer is crucial for 
improving device performances. This chapter reviews the elec-
trical and optical properties of graphene from the  viewpoint of 
transparent conducting electrodes.

12.1 INTRODUCTION

Graphene, a single layer of honeycomb-structured sp2-
bonded carbon atoms, has potential applications in a variety 

of electronic devices because of its superior electrical and 
mechanical properties, high mobility of charge carriers 
(200,000 cm2/V s), anomalous quantum Hall Effect, and 
ballistic transport properties (Table 12.1) [1–6]. These excel-
lent properties enable graphene to be applied to biosensors, 
pH sensors, gas sensors, thin film transistors, and transpar-
ent electrodes [7–10]. Furthermore, there have been many 
attempts to develop graphene sheets for application as inter-
layers or composite materials in electronic devices [11–13].

It is necessary to establish methods of synthesizing high-
quality graphene in order to use graphene in a broader range 
of industrial applications. A simple method of mechanically 
exfoliating graphene was developed when graphene was first 
discovered. The “scotch tape method” is the original top-
down method of mechanically exfoliating graphite, which 
forms graphene layers stacked together by van der Waals 
forces (Figure 12.1). Graphite can be mechanically cleaved 
by applying an external force of more than 300 μN/μm2. 
Although this method produces the highest quality graphene, 
it also produces very low yield and is not readily scalable. 
Therefore, a number of alternative methods of producing gra-
phene, such as growing epitaxial graphene layers on silicon 
carbide (SiC) surfaces, thermal reduction of graphene oxide 
(GO) to graphene, and chemical vapor deposition (CVD) have 
been investigated to synthesize large uniform graphene lay-
ers (The graphene synthesis techniques are summarized in 
Figure 12.2.) [14].

Although thermally growing epitaxial graphene layers 
on single crystalline SiC surfaces yields high-quality, high-
purity graphene films, it is difficult to transfer the synthesized 
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graphene films onto any other substrates (Figure 12.3). 
Therefore, this method of synthesizing graphene films for 
application in electronic and optoelectronic devices has very 
limited usage [15].

In 1957, Hummers developed a method of fabricating gra-
phene oxide (GO) by mixing graphite with sodium nitrate, 

sulfuric acid, and potassium permanganate, which is the well-
known Hummers’ method, whereby strong acids and oxidants 
are used to oxidize graphite. Figure 12.4 shows the progress 
of fabrication of GO and reduced graphene oxide (rGO) thin 
films. The chemical synthesis of GO offers several advan-
tages: it is a low-temperature solution-based process and it 
can produce high yields of GO. Further, the degree of oxi-
dation can be optimized by varying the reaction conditions 
(i.e., temperature, pressure, etc.) and the amount of oxidants 
used. A method of perfectly reducing chemically synthesized 
GO should be developed to obtain graphene flakes. Thermal 
annealing and chemical reductants have reportedly been used 
to reduce GO [16,17]. Although thermally annealing GO at 
high temperatures is an efficient method of producing uni-
formly reduced GO layers, the plastic substrates required for 
flexible devices could not bear high-temperature annealing. 

FIGURE 12.1 Mechanical exfoliation of graphene using scotch 
tape from HOPG. (Reprinted from Progress in Materials Science, 
56, Singh, V. et  al., Graphene based materials: Past, present and 
future, 1178–1271, Copyright 2011, with permission from Elsevier.)

2 nm

FIGURE 12.3 Atomically resolved scanning tunneling microscope 
image of a CVD-epitaxial graphene layer grown on a 4H-SiC(0001) 
substrate, taken over an area of 10 × 10 nm2. (Reprinted with per-
mission from Strupinsli, W. et  al., Graphene epitaxy by chemical 
vapor deposition on SiC. Nano Letters 11:1786–1791, Copyright 
2011 American Chemical Society.)

TABLE 12.1
Properties of Graphene

Properties Values Reference

Young’s modulus ~1100 Gpa [1]

Elasticity modulus ~1000 Gpa [1]

Tensile strength 125 Gpa [1]

Carrier density 109 A/cm2 [2]

Carrier mobility ~200,000 cm2/V s [3]

Specific surface area 2630 m2/g [2]

Thermal conductivity ~5000 W/mK [1]

Transparency ~97.3% for monolayer 
(each layer = 2.7%)

[1]
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FIGURE 12.2 Graphene synthesis technique.
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Chemically reducing GO involves too many tedious steps and 
explosive chemicals such as hydrazine. Further, the chemi-
cal reduction of GO is often incomplete, and therefore, the 
properties of chemically reduced GO are often more degraded 
than those of thermally reduced GO. For example, the con-
centration of charge carriers and carrier mobility of chemi-
cally reduced GO are usually less than those for thermally 
reduced GO; moreover, the number of defects on the surface 
of chemically reduced GO is usually higher than that on the 
surface of thermally reduced GO [18].

CVD is the most efficient method of preparing high-qual-
ity, large, uniform crystalline graphene carbon networks. 
The photographic image of thermal CVD system is displayed 
in Figure 12.5. Graphene has previously been synthesized 
using transition metals (Ru, Ir, Ni, etc.) as catalysts [19–21]. 
Among the transition metals, copper shows the lowest solu-
bility with carbon in the binary phase diagram at ~1000°C, 
indicating that copper thin films could be the best catalyst 
for synthesizing monolayer graphene sheets. Therefore, cop-
per foils are usually used to synthesize monolayer graphene 
sheets [22]. The mechanism for synthesizing graphene with 
CVD involves three steps as shown in Figure 12.6: in the first 
step, the substrate should be pre-annealed at high tempera-
ture to obtain uniform graphene sheets. Hydrogen gas is used 

during preheating to produce a large, smooth copper surface. 
In the second step, a mixture of hydrocarbon, hydrogen, and 
argon is flowed into a CVD quartz tube to synthesize the gra-
phene sheet after the preheating step. The carbon atoms are 
detached from the hydrocarbon atoms in this step because of 
the catalytic reaction between the copper and carbon atoms. 
Finally, the quartz tube is cooled to room temperature under 
vacuum to precipitate the carbon atoms from copper–carbon 
solid solutions [23,24].

To produce large, high-quality graphene sheets, not only 
the methods of synthesizing graphene but also the methods 
of transferring graphene onto other substrates are important. 
Therefore, researchers who use CVD to synthesize graphene 
have investigated not only methods of synthesizing graphene 
but also methods of transferring it onto other substrates 
(Figure 12.7) [25–28]. Transferring graphene onto arbi-
trary substrates to obtain graphene sheets with few defects 
and wrinkles attracted significant attention when the CVD-
grown graphene sheets were first synthesized. The detailed 
procedure  for transferring graphene onto other substrates is 

rGO film

rGO
dispersion

rGO composite film

rGO-host
solution

GO film

GO-host
solution

GO
dispersion

Graphite
oxide

Graphite

FIGURE 12.4 Process scheme for fabricating rGO-based thin 
films. The schematic illustrations show the structure of the material 
at each stage of the process. (Eda, G., Chhowalla, M.: Chemically 
derived GO: Towards large-area thin-film electronics and optoelec-
tronics. Advanced Materials. 2010. 22. 2392–2415. Copyright Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)

FIGURE 12.5 Photographs of the roll-based production of gra-
phene films. Copper foil wrapping around a 7.5-in. quartz tube to 
be inserted into an 8-in. quartz reactor. The lower image shows the 
stage in which the copper foil reacts with CH4 and H2 gases at high 
temperatures. (Reprinted by permission from Macmillan Publishers 
Ltd. Nature Nanotechnology, Bae, S. et al., Roll-to-roll production of 
30-inch graphene films for transparent electrodes, copyright 2010.)

CoolingCH4, H2 flowing

FIGURE 12.6 The graphene synthesis process by the CVD 
method. (Reprinted from Solar Energy Materials and Solar Cells, 
109, Kwon, K. C. et al., Extension of stability in organic photovoltaic 
cells using UV/ozone-treated graphene sheets, 148–154, Copyright 
2013, with permission from Elsevier.)
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as follows: poly[methyl methacrylate] (PMMA, 46 mg/mL 
dissolved in chlorobenzene) is first spin coated onto a CVD-
grown graphene-coated copper foil, which is then baked at 
180°C for 1 min. O2 plasma is then used to etch graphene on 
the other side of the copper foil. The sample is then immersed 
in a bath consisting of either ferric chloride (1 M FeCl3) or 
ammonium persulfate (1 M (NH4)2S2O8) at room temperature 
for at least 12 h to etch the copper foil. The PMMA-coated 
graphene remaining on the copper foil is then carefully 
dipped into a bath of deionized water for more than seven 

times to remove any residual etchant. The PMMA-coated gra-
phene sheets are then transferred onto an arbitrary substrate. 
The PMMA is then removed by immersing the substrate into 
an acetone bath at 50°C for 30 min after the PMMA/graphene 
layer has completely adhered to the target substrate [25–28]. 
Large, high-quality graphene sheets can be transferred onto 
arbitrary substrates through this method. Therefore, CVD has 
become the most popular method of producing very large, 
uniform graphene sheets with low sheet resistance (<200 Ω/◽) 
and high transmittance (>90%) [29–34].
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FIGURE 12.7 Transfer processes for large-scale graphene films. (a) A centimeter-scale graphene film grown on a Ni(300 nm)/SiO2(300 nm)/
Si substrate. (b) A floating graphene film after etching the nickel layers in 1 M FeCl3 aqueous solution. After the removal of the nickel layers, 
the floating graphene film can be transferred by direct contact with substrates. (c) Various shapes of graphene films can be synthesized on top 
of patterned nickel layers. (d) and (e) The dry-transfer method based on a PDMS stamp is useful in transferring the patterned graphene films. 
After attaching the PDMS substrate to graphene (d), the underlying nickel layer is etched and removed using FeCl3 solution (e). (f) Graphene 
films on the PDMS substrates are transparent and flexible. (g) and (h) The PDMS stamp makes conformal contact with a silicon dioxide 
substrate. Peeling back the stamp (g) leaves the film on the SiO2 substrate (h). (Reprinted by permission from Macmillan Publishers Ltd. 
Nature, Kim, K. S. et al., Large-scale pattern growth of graphene films for stretchable transparent electrodes, 457:706–710, copyright 2009.)
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Replacing commercial indium tin oxide (ITO) electrodes 
with large graphene-film-based ones is one of the goals of 
producing large, high-quality graphene sheets. However, 
there are two major problems that must be solved before gra-
phene sheets can be used to replace ITO films: first, the mod-
erate work function (~4.2 eV) of graphene induces differences 
between energy levels of the active layers in devices and the 
graphene electrodes. Such differences between the energy 
levels mean graphene-electrode-based devices are consider-
ably less efficient than ITO-based-electrode ones. Second, the 
sheet resistance of graphene is higher than that of ITO, which 
lowers the efficiency of graphene-based devices despite the 
high transparency of graphene [35–44].

Many researchers have developed methods of doping gra-
phene to solve these problems. As a result, three major meth-
ods of intrinsically doping graphene film have been reported. 
The first method involves introducing foreign atoms into the 
carbon networks in graphene films to form substitutional 
impurities while graphene is being synthesized. B and N 
atoms are natural candidates for doping graphene because 
their sizes are similar to that of C atoms and because their 
hole-acceptor and electron-donor characteristics are optimal 
for B- and N-doping. The second method involves using the 
dipole moments introduced by self-assembled monolayers 
(SAMs) physisorbed or chemisorbed onto the graphene sur-
face. SAMs with electron-donating or electron-withdrawing 
functional groups could localize electrons on the graphene 
surface because of the difference between the electron affini-
ties of the SAMs and the graphene networks. Such dipole 
moments near the graphene surface could adjust the Fermi 
level of graphene, resulting in n- or p-doped graphene. The 
third method is known as the surface charge transfer method 
in which the difference between the electroreduction poten-
tials of the graphene sheets and the other materials on gra-
phene surface induces the charge on the surface of graphene 
to be transferred to the other materials or vice versa. Charge 
transfer is determined by the relative positions of the Fermi 
level of graphene and the density of states (DOS) of the high-
est occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) of the dopants.

There are many reports on graphene doping, which com-
prise an extensive body of experimental and theoretical 
research. To date, the degree of graphene doping has been 
extensively characterized using several methods such as 
x-ray photoemission spectroscopy (XPS), Raman spectros-
copy, ultraviolet photoemission spectroscopy (UPS), scan-
ning electron microscopy (SEM), and transmission electron 
microscopy (TEM). The type of dopant in graphene can be 
determined from the specific element peaks in the XPS spec-
tra. The degree of doping can be calculated from the ratio of 
the areas under the peaks corresponding to the dopant ele-
ment and carbon atoms. Raman spectroscopy is widely used 
to measure the D band (1350 cm−1), G band (1580 cm−1), and 
the 2D band (2700 cm−1) of graphene, which are related to the 
various disorders, doping state, and the number of layers of 
graphene [45,46]. From the UPS spectra, we can determine 
the change in the work function of doped graphene modified 

using chemisorbed or physisorbed materials. The work func-
tion is determined from the secondary electron threshold, 
Φ = hν − Eth, where hν and Eth represent the photon energy 
of the excitation light source (He I discharge lamp, 21.2 eV) 
and the secondary electron threshold energy, respectively. 
SEM and TEM play important roles in measuring the sur-
face and crystalline structure of the graphene sheets synthe-
sized for application in electronic devices. Furthermore, the 
elements on the graphene surface can be analyzed using the 
energy dispersive spectra obtained with SEM equipment. 
High-resolution TEM (HR-TEM) images show the hexago-
nal graphene lattice and the atomic-scale carbon networks in 
graphene sheets. Graphene defects and the substitution dop-
ing of graphene can be studied from the HR-TEM images. 
Additional evidence supporting the hexagonal lattice of gra-
phene can be obtained using supplemental equipment and 
selected-area electron diffraction (SAED).

This chapter reviews the experimental and theoretical 
studies on graphene doping. P- and n-type graphene doping 
will be discussed from the perspective of the three major 
methods of doping previously described: (i) substitution, (ii) 
chemical, and (iii) surface charge transfer doping. In addition, 
the effect of thermal annealing on doped graphene also will 
be discussed based on previous reports.

12.2 METHODS OF DOPING GRAPHENE

Methods of graphene doping are summarized in Figure 12.8.

12.2.1 suBstitution dopinG

Doping is the most feasible method of modifying the electrical 
and electronic properties of materials used in semiconductor 
technology. Electron donors and acceptors must be added to 
materials in order to modify their electronic properties, which 
is a well-known method in the semiconductor field. Since the 
discovery of graphene, there have been many attempts to sub-
stitute the carbon atoms in the graphene with foreign atoms in 
order to modulate the electronic properties of graphene.

Substitution doping is reportedly a useful method of open-
ing the bandgap of graphene sheets. Among the potential 
dopants, boron (B) and nitrogen (N) are excellent candidates 
for chemically doping carbon-based materials because their 
atomic sizes are comparable to that of carbon and because 
they have three and five valence electrons, respectively, avail-
able to form strong valence bonds with carbon atoms, which 
would impart n- and p-doping to graphene. B- and N-doping 
of graphene have been theoretically and practically investi-
gated. It has previously been shown that dopant atoms can 
modify the electronic band structure of graphene, opening an 
energy bandgap between the valence and conduction bands. 
Therefore, graphene could be changed into p-type or n-type 
semiconductors by substituting the C atoms with B or N 
ones [47,48].

Two methods of producing semiconducting graphene by 
substituting C atoms with B and N ones have been reported 
to date: direct synthesis and post-treatment. In the direct 
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synthesis, graphene is doped with B and N atoms as it is being 
synthesized. CVD has been extensively used with the precur-
sors of carbon and gases such as boric acid (HBO3, B2O3, and 
H2B6) [49–53] as shown in Figure 12.9 and ammonia (NH3) 
[52–57] to form networks of doped carbon atoms as shown 
in Figure 12.10. Panchakarla et  al. arc-discharged graphite 

electrodes in a mixture of H2and B2H6 and arc-discharged 
boron-stuffed graphite electrodes to synthesize B-doped gra-
phene. They also arc-discharged the electrodes in mixtures 
of either H2 and pyridine or H2 and ammonia and trans-
formed the resulting nanodiamonds in pyridine to synthesize 
N-doped graphene. They showed that the electronic proper-
ties of the B- and N-doped graphene could be systematically 
tuned by altering the concentrations of B and N [52,53]. Wu 
et al. and Wei et al. used CVD with H2, CH4, and heteroatoms 
containing B2O3, BH3, NH3, and pyridine sources to synthe-
size B- and N-doped graphene on 25-μm-thick copper foil 
[49–51,54–57]. They concluded that the degree of doping in 
the synthesized graphene sheet was related to the number of 
heteroatom sources and the reaction (growth) times used.

Alternatively, graphene can be thermally annealed at high 
temperature or treated with plasma containing heteroatoms 
in the vapor or liquid phases to prepare graphene in advance. 
Thermal annealing was initially introduced to remove the 
residual supporting polymer layers such as PMMA and to 
reduce the GO. From the perspective of doping, thermal 
annealing can activate the doped atoms in graphene. Sheng 
et al. [52] used high-temperature annealing to dope the boron 
atoms derived from B2O3 vapor into the graphene frame-
work. Further, NH3 annealing and N+-ion irradiation were 
used both before and after graphene had been synthesized 
at room temperature under vacuum to controllably n-type 
dope the graphene. This method can be used to optimize the 
degree of doping by varying the number of nitrogen atoms 

B C

FIGURE 12.9 Schematic structure of a B-doped graphene with 
B content of ~6.8 at.%, as detected in the synthesized graphene. 
(Reprinted with permission from Tang, Y.-B. et al., Tunable band-
gaps and p-type transport properties of boron-doped graphenes by 
controllable ion doping using reactive microwave plasma. ACS Nano 
6, 1970–1978. Copyright 2012 American Chemical Society.)
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[58]. The results of the XPS characterization and electrical 
measurements supported the formation of N-doped graphene 
through  the reduction of GO annealed in NH3 gas. They 
showed that the heteroatoms contained in the gas can act 
as dopants in the network of carbon atoms when graphene 
is thermally annealed at high temperature (above 300°C for 
n-type doping in N2) [59].

Although plasma processing is another efficient method of 
regulating the semiconducting properties of carbon materials 
during post-treatment, it could induce high-density defects, 
which would deteriorate the electrical properties of graphene 
sheets. Wang et al. [60], Soin et al. [61], and Shao et al. [62] 
reported the effect of N2 plasma treatment on graphene at 
room temperature. The functionalized graphene was exposed 
to the N2 plasma, which then showed properties consistent 
with those of nitrogen-doped graphene. The content of the 
nitrogen dopant in graphene was easily optimized by vary-
ing the plasma strength or exposure time. However, treating 

graphene with high-energy plasma could introduce high-
density defects, which would deteriorate the electrical perfor-
mances of graphene. Ion irradiation with heteroatoms in gas 
has previously been used to dope graphite and carbon nano-
tubes (CNTs) [50,51]. Although the structure of graphene is 
similar to those of graphite and CNTs, the relations between 
the number of defects, surface charge, and deterioration of the 
electronic structure have only been investigated for the ion-
irradiated graphene.

It is important to obtain evidence that supports the exis-
tence of dopants in the hexagonal lattice of graphene and 
the synthesis of doped graphene. XPS is a powerful method 
of determining which elements are present in a sample. The 
presence of dopants in graphene could be supported by spe-
cific peaks in the survey spectra. Further, concentration of 
dopants in graphene could be calculated by comparing areas 
under each peak in the XPS spectra. The chemical and elec-
trical states of each element in graphene are usually analyzed 
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by separating the peaks in each high-resolution spectrum. 
The G band in Raman spectra is sensitive to chemical dop-
ing, and there is a useful empirical rule for determining the 
type of graphene doping. The G band in the Raman spec-
tra downshifts and stiffens for graphene containing mol-
ecules with electron-donating groups or for n-type doped 
graphene. In contrast, the G band in the Raman spectra 
upshifts and softens for graphene containing molecules with 
electron-withdrawing groups or for p-type doped graphene. 
Furthermore, Raman spectroscopy is a powerful method 
of determining the doped state of graphene sheets. The G 
band in Raman spectra is sensitive to other dopants. It is 
well known that the G band stiffens and upshifts for samples 
containing both electron- and hole-doping. The full width at 
half maximum (FWHM) of the G bands decreased because 
of both types of doping. The G band in the Raman spec-
tra for n-type doped graphene sheets (i.e., graphene doped 
with electron-donating groups) downshifts and stiffens. In 
contrast, the G band in the Raman spectra for p-type doped 
graphene sheets (i.e., graphene doped with electron-with-
drawing groups) upshifts and softens. However, the G band 
in the Raman spectra would be different for graphene doped 
using substitution doping, according to previous reports [53]. 
Nitrogen- and boron-doped graphene showed upshifted G 
bands in their corresponding Raman spectra [63].

Although substitution doping foreign atoms into graphene 
is an effective method of intrinsically modifying the proper-
ties of graphene, the environmental stability of chemically 
doped graphene is reportedly poor, and the dopant elements 
could be easily released from the surface of graphene sheets. 
Therefore, more effort is needed to solve these problems.

Devices are usually fabricated with doped graphene to 
determine whether graphene was well doped. Field-effect 
transistors (FETs) have been fabricated to investigate the 
effects of B and N atoms on graphene. The type of semicon-
ductor can be identified from the Dirac points in the electrical 
properties of thin-film transistors (TFTs). The Dirac point of 
pristine graphene was displayed in the positive gate voltage 
area, indicating that pristine graphene was a p-type semicon-
ductor. The Dirac point of the TFTs composed of N-doped 
graphene was located in negative gate voltage area, showing 
that N-doped graphene was an n-type semiconductor. These 
data show that nitrogen atoms act as n-type dopants in the 
hexagonal lattice of carbon atoms in graphene. The details 
will be further discussed in the following chapters.

12.2.2 chemicaL dopinG

Aligning the bands between electrodes and semiconductors is 
crucial to optimizing device performance. However, it is very 
difficult to find a conductive material that also has the desired 
work function. Therefore, it is preferable to dope the material 
or treat the surface of the material in order to adjust the work 
function. Various methods of chemically doping materials 
have attracted significant attention since the beginning of the 
era of silicon semiconductors. Many scientists and engineers 
are trying to determine the most effective method of doping 

materials because doping can be used to efficiently modify 
the electrical properties of target materials. Further, chemi-
cal doping is the easiest method of optimizing the electronic 
properties of target materials without damaging the materials 
or generating basal plane reactions. For these reasons, chemi-
cal doping has been used to modify the work functions of 
carbon nanomaterials including graphene and CNTs.

Using chemical dopants to modulate the Fermi level of 
graphene sheets has been experimentally and theoretically 
demonstrated, indicating that the work function of graphene 
could be engineered as desired. Gold chloride (AuCl3), which 
is commonly used to dope organic conductors, is reportedly 
a p-type dopant for graphene [64]. The gold cations (Au3+) on 
the surface of graphene sheets spontaneously reduce to gold 
nanoparticles (Au0) by taking electrons from the π-orbitals of 
the graphene lattice when the graphene is either immersed in 
or spincast with solutions containing AuCl3 or HAuCl4 ⋅ 3H2O 
[65]. The redox reaction strongly depends on the reduction 
potentials of the carbon atoms in graphene and Au3+ ions. 
According to the Nernst equation, Au3+ ions have a positive 
reduction potential (or a negative Gibbs free energy) as shown 
in Figure 12.11 [66]. The larger the reduction potential of an 
ion, greater is the tendency that the ion will accept electrons 
from the π-orbitals in carbon atoms. Therefore, the elec-
trons near the Dirac point of pristine graphene are depleted, 
increasing the work function of graphene. Doped graphene 
the desired work function of which is higher than that of pris-
tine graphene can be obtained by varying the concentration 
of AuCl3. The detailed chemical reaction is shown in the fol-
lowing equations:

Graphene 3AuCl Graphene AuCl Au(I) AuCl3+ → + + +− −
2 4

 (12.1)

 3AuCl Au 2AuCl 2Cl2
0

4
− − −→ + +  (12.2)

 AuCl Graphene Graphene Au 4Cl4
0− + −+ → + +  (12.3)

Kim et al. [67] used AuCl3 to develop a method of improv-
ing the conductivity of graphene film. They obtained the 
lowest sheet resistance of 150 Ω/◽ and transmittance of 87% 
at 550 nm when the concentration of AuCl3 was optimized. 
Other groups have reported that four layers of graphene doped 
with AuCl3 showed excellent stability during bending, a sheet 
resistance of 54 Ω/◽, and a transmittance of 85% at 550 nm 
[68]. Benayad et al. [69] investigated the role of Au3+ ions in 
the reduced GO doped with AuCl3. They demonstrated that 
the work function and sheet resistance of reduced GO could 
be modulated by varying the concentration of the Au3+ ion. 
Kwon et al. [70] reported the effect of metal chloride on the 
work function of sheets consisting of a few layers of graphene. 
They used AuCl3, IrCl3, MoCl3, OsCl3, PdCl2, and RhCl3 as 
p-type dopants. The work functions for the graphene sheets 
doped with the metal in metal chloride solutions were higher 
than 4.6 eV. On the other hand, the sheet resistance of the 
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same doped graphene sheets was ~30%–55% lower than the 
undoped graphene sheet. Furthermore, the work function 
increased from 4.2 for the undoped graphene sheet to 4.7–5.1 
eV for the doped graphene sheets. AuBr3, Au2S, Au(OH)3, 
and AuCl3 were used as the p-type dopants to determine the 
effects of the anions in the Au complexes on the work func-
tion and sheet resistance of doped graphene sheets [71]. Each 
dopant was dissolved in an appropriate solvent (nitromethane, 
methanol, ethanol) and solutions containing the dopants were 
spincoated onto the surface of graphene that had previously 
been transferred onto a substrate. The work function of the 
doped graphene sheets varied with the order of the electro-
negativity of anions, that is, the electronegativity of the dop-
ant anions and the negative Gibbs free energy of the Au atoms 
play important roles in graphene doping.

Similarly, viologen (benzyl viologen, 1,1′dibenzyl-
4,4′bipyridinium dichloride) is a well-known n-type dopant 
used for organic and graphene molecules [66,72,73]. For alkyl 
viologens (AVs), the reduction of AV2+ to AV0 is not sponta-
neous because of the positive Gibbs free energy of the redox 
reaction. Therefore, a reduction agent such as sodium borohy-
dride (NaBH4) was used instead of AV2+ to directly prepare 
AV0 [66]. After the graphene was doped with AV0, the AV0 
spontaneously donated electrons to the graphene in order to 
stabilize it and transform into AV2+. The work function of the 
doped graphene was consequently lower than that of pristine 
graphene. The viologen molecules are an efficient n-type dop-
ant and do not generate any basal plane reactions through this 
mechanism. Alkali metal carbonates are another efficient 
n-type dopant for graphene. Kwon et al. [74] used alkali car-
bonate molecules in deionized water to dope graphene. They 
showed that the sheet resistance of n-type doped graphene 
increased and that the work function of n-type doped gra-
phene decreased because electrons from the alkali carbonate 
molecules were donated to graphene.

However, other researchers have tried to dope graphene 
only by treating the surface of graphene with acid vapor. 
Pristine graphene has a low carrier density and a high sheet 
resistance. The FeCl3 or PMMA residues remaining on the 
surface of graphene acted as unintentional dopants when the 
graphene was transferred onto another substrate. Therefore, 
the Fermi level of graphene mostly did not reside at the Dirac 
point of graphene when the transferred graphene was exposed 
to air. Therefore, the surface of graphene was treated to try to 
remove the residues on the graphene sheets and to stimulate 
the transfer of charge from graphene to the other materials. 
HNO3 is a p-type dopant for graphitic materials. An electron 
is transferred from graphene to nitric acid as a charge-transfer 
complex is formed according to the following chemical reac-
tion on the surface of the graphene sheet (Figure 12.12) [75]:

 6HNO 25C C NO 4HNO NO H O3 3 2 2+ → ⋅ + ++ −
25 3  (12.4)

This reaction results in a shift in the Fermi level, which 
increases the carrier concentration and conductivity of gra-
phene layers. This effect was first observed in single-walled 
carbon nanotubes (SWCNTs). It has been previously demon-
strated that treating the surface of SWCNTs with nitric acid 
increased the conductivity of SWCNT films. Zheng et al. [76] 
reported that HNO3 is a surface treatment material that can be 
used to efficiently modify the Fermi level of graphene sheets. 
The sheet resistance and transmittance of the HNO3-treated 
graphene sheets were 90 Ω/◽ and 80% at 550 nm. They also 
reported the effects of various acids and acid/halogen atom 
combinations on the properties of graphene. Considerable 
research has been conducted to enhance the electrical con-
ductivities of carbon-nanomaterial-based thin films. Carbon-
based materials the surfaces of which were first pretreated 
with HNO3 were subsequently dipped into a bath containing 
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either SOCl2 or SOBr2 under a gentle flow of nitrogen. The 
electrical conductivity of graphene thin films improved from 
2031.3 to 1598.0 Ω/◽, and the transparency of graphene thin 
films improved through a series of chemical treatments after 
the GO was thermally reduced. (The graphite oxide was 
38.7 nm thick.) HNO3, SOCl2, and SOBr2 surface treatments 
were intended to form acyl chloride or bromide functional 
groups on the surface of graphene and CNTs. The acid treat-
ment removed the impurities on the surface of the graphene 
film and on the substrate surface, while the strongly electro-
negative –Br or –SOBr functional groups acted as electron 
acceptors, increasing the density of holes in graphene [77,78].

Another method involving the use of organic mole-
cules to modify the surface of graphene was also reported. 
Organic molecules that act as electron donors or acceptors 
may modify the electronic structure of graphene sheets, 
giving rise to significant changes in their electrical proper-
ties. Dong et al. reported the effects of organic molecules on 
the properties of mechanically exfoliated graphene sheets. 
They used 1,5-naphtalene diamine (Na-NH2), 9,10-dimeth-
ylanthracene (An-CH3), 9,10-dibromoanthracene (An-Br), 
and tetrasodium 1,3,6,8-pyrenetetrasulfonic acid (TPA) as 
organic dopants shown in Figure 12.13. These molecules 

can stably bind to single-layer graphene films through strong 
π–π interactions between the aromatic rings of the organic 
molecules and graphene. Aromatic molecules with electron-
donating groups cause the n-type doping (i.e., they increase 
electron density) of graphene, while those with electron-
withdrawing groups impose p-type doping (i.e., they decrease 
the electron density) on single-layer graphene [79]. Other 
research groups have investigated the effects of the dopants 
bis(trifluoromethanesulfonyl)amide[((CF3SO2)2NH)] (TFSA), 
poly(ethylene imine) (PEI), and diazonium salts on the sur-
face of graphene. The TFSA dopant is environmentally stable 
because it is hydrophobic; therefore, the interaction between 
TFSA and graphene surface stabilized the latter. The TFSA 
molecules on graphene sheets can accept electrons from the 
graphene sheets, imparting p-type properties to graphene [80]. 
PEI and diazonium salts are used as complementary molecu-
lar dopants on graphene to suppress the formation of either 
electrons or holes in order to optimize the conductivity of gra-
phene. Furthermore, simulations and experiments involving 
these dopants demonstrate that both PEI and diazonium salts 
behave as long-range scattering factors on graphene [81].

Raman spectroscopy is usually used to investigate the 
effects of chemical dopants on the properties of graphene 
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because it can be used to rapidly and nondestructively examine 
the intrinsic physical properties of various carbon nanostruc-
tures including flat and one-atom-thick carbon crystalline lay-
ers. The bands in Raman spectra can reveal the number of 
stacked graphene layers [82–84] and changes in the concen-
tration of charge carriers induced by a static electrical field 
[85,86]. The G bands in Raman spectra are sensitive to the 
chemical doping of graphene. There is a useful empirical rule 
for determining the type of graphene doping: the G band in 
Raman spectra downshifts and stiffens for graphene-contain-
ing molecules with electron-donating groups, or n-type doped 
graphene, and upshifts and softens for graphene-containing 
molecules with electron-withdrawing groups, or p-type doped 
graphene [85,86]. These properties will help us to identify 
graphene and to determine the degree by which it is doped.

12.2.3 surface charGe transfer

The last major method of doping graphene discussed in this 
chapter is surface charge transfer, which has been investigated 
to modify the bandgap of graphene sheets. Many research-
ers have used chemical materials whose electronegativities 
were higher or lower than that of carbon to try to dope gra-
phene sheets in order to improve the electrical properties of 
graphene sheets at room temperature. The electrons in the 
graphene sheets were depleted through the transfer of charge 
between the dopant and carbon atoms in the graphene lattice 
when the electronegativities of the dopants were higher than 
that of the carbon atoms. In contrast, the dopants donated 
their electrons to the graphene sheet, thereby inducing n-type 
doping of graphene when the electronegativities of the dop-
ants were lower than that of the carbon atoms. Surface charge 
transfer doping occurs when the charge is transferred from 
the adsorbed dopant (or graphene) to the graphene (or dop-
ant). Charge transfer is determined by the relative positions of 
the Fermi level of graphene and the DOS of the HOMO and 
LUMO levels of the dopant. If the HOMO level of a dopant is 
located above the Fermi level of graphene, the charge trans-
fers from the dopant to the graphene layer, and the dopant acts 
as a donor. If the LUMO is located below the Fermi level of 
graphene, the charge transfers from the graphene layer to the 
dopant, and the dopant acts as an acceptor.

Colleti et  al. [87] have studied the properties of gra-
phene modified by tetrafluorotetracyanoquinodimethane 
(F4-TCNQ). F4-TCNQ is an effective p-type dopant, which 
acts as a strong electron acceptor. It has high electron affinity 
(Eea = 5.24 eV) and has been used as a state-of-the-art p-type 
dopant in electronic devices. When it was used in organic 
light-emitting diodes (OLEDs), the hole-injection barrier was 
reduced by forming a narrow space-charge region near the 
metal contact, thereby improving the device performance. 
It has recently been theoretically and experimentally sug-
gested that F4-TCNQ shows a p-type doping effect on gra-
phene (Figure 12.14). Modifying the graphene surface with 
F4-TCNQ is expected to favor the transfer of electrons from 
graphene to the F4-TCNQ. It has previously been shown that 
a charge-transfer complex is formed between the graphene 

film and the F4-TCNQ molecular layers. The electrons are 
removed from the graphene layer through the cyano groups 
of the F4-TCNQ molecule. Therefore, a depletion layer is 
formed in graphene, thereby achieving p-type doping of gra-
phene in which the concentration of holes in graphene can be 
optimized by varying the thickness of the F4-TCNQ layer and 
by covering the entire surface of graphene with F4-TCNQ. 
As F4-TCNQ remains stable under ambient conditions and at 
elevated temperatures and because it can be readily applied 
using wet chemistry, surface charge transfer is an attractive 
method of doping graphene with F4-TCNQ, and it appears 
feasible that this method can be incorporated into existing 
technological processes [88,89]. Ishikawa et al. [90] reported 
that TCNQ is a powerful electron acceptor as shown in 
Figure 12.15. They showed that electrons are transferred from 
graphene into the TCNQ molecules, leading to p-type doping 
of graphene. This is a new and inexpensive method of fabri-
cating charge-transfer-modified graphene sheets.

The halogenation of graphene provides another method of 
tuning the chemical functionality of graphene sheets in order 
to engineer the bandgap of graphene sheets. The halogenation 
of graphene has significant advantages over the hydrogenation 
or oxidation of graphene. The high electronegativity of halo-
gen atoms enables the graphene to be efficiently doped and 
the bandgap of graphene to be efficiently opened. Graphene 
can be fluorinated, chlorinated, or brominated to improve its 
performance. Graphene has been either treated with fluorine 
or chlorine plasma [91], or exposed to F2 at high temperatures 
[92] to attach F or Cl atoms to its basal plane. However, as pre-
viously mentioned, plasma can damage the surface of graphene 
through ion bombardment, and the plasma reaction induces 
high temperatures; therefore, more caution is needed when 
plasma processing is used to dope graphene. Lee et al. used a 
solid source of fluorine and laser irradiation to fluorinate gra-
phene under controlled conditions, which would not damage 
the graphene surface [93]. The fluoropolymer CYTOP was 
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used as the solid source of fluorene, and a Raman laser beam 
operating at 488 nm was used to decompose the CYTOP into 
the fluorine precursor. Irradiating the CYTOP layer with the 
laser produced active fluorine radicals that reacted with the 
sp2-hybridized carbon atoms in graphene to form C–F bonds. 
Therefore, electrons were transferred from the carbon atoms 
in the graphene sheets to the fluorine atoms because fluorine 
atoms are much more electronegative than carbon atoms. 
This finding indicates that the CYTOP layer is an efficient 
p-type polymer supporting layer. Furthermore, a CYTOP 
layer could be used instead of a PMMA layer as a polymer 
supporting layer during the transfer of surface charge from 
graphene to the dopant layer. The authors reported that the 
charge transferred from graphene to the dopant and graphene 

was simultaneously doped when the CYTOP layer was used 
as shown in Figure 12.16 [94]. The charge cannot spontane-
ously transfer from graphene to the CYTOP because CYTOP 
is an insulating polymer and because the electron affinity of 
CYTOP is not higher than the work function of graphene. The 
authors claimed that doping graphene with the CYTOP layer 
can be induced by the electrostatic potential created by the 
dipole moment between graphene and the CYTOP layer.

SAMs have recently received considerable attention 
because an ultrathin layer can be uniformly constructed on an 
oxide surface through the methods of self-assembly. Park et al. 
[95] used SAMs to optimize the work functions of graphene 
electrodes in order to improve the performance of  organic 
field-effect transistors (OFETs). The work function of 
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graphene increased by ~0.25 eV when graphene was located 
on the CH3-SAM-modified SiO2 instead of on SiO2. This 
result implies that extra holes are incorporated into graphene, 
lowering the Fermi level of graphene from the Dirac point. 
The work function for the graphene fabricated on the NH2-
SAM-modified SiO2 substrate decreased by about 0.35 eV. It 
seems that the lone pair of electrons in NH2-SAM induces 
extra electrons in graphene, raising the Fermi level of gra-
phene above the Dirac point. These results suggest that the 
types of graphene doping could be optimized using SAMs 
with various functional groups.

The chemisorption or physisorption of organic compounds 
can also induce graphene doping through the transfer of sur-
face charge. Zhang et  al. [96] reported that the adsorptions 
of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and 
tetrathiafulvalene (TTF) had induced hybridization between 
the molecular levels and the valence band of graphene, trans-
forming the zero-gap semiconducting graphene into a metallic 
graphene. The DDQ and TTF molecules on the surface of gra-
phene play the roles of organic electron acceptors and donors, 
respectively. This result showed that functionalizing the sur-
face of graphene with organic noncovalent acceptor and donor 
molecules could significantly change the electronic structure of 
graphene. Jung et al. [97] investigated the effects of the physi-
cal adsorption of halogen atoms on graphene sheets through a 
similar concept. Br2 and I2 vapors were exposed at room tem-
perature to a few layers of graphene sheets. Br and I atoms 
are more electronegative than the carbon atoms in graphene 
sheets. Therefore, the surface charge should transfer from the 
graphene to the halogen atoms, producing p-type doped gra-
phene. Adsorption-induced charge-transfer doping (including 
intercalation) shows great potential for developing adjustable 
doping patterns at high densities in laterally large graphene 
samples without disrupting the π-electrons. Song et  al. [98] 
reported a unique and facile method of homogeneously and 
stably p-type doping graphene. Graphene was hybridized with 
ZnO thin films fabricated using MeV electron beam irradiation 
(MEBI) under ambient conditions. The MEBI method enables 
uniformly thick, ultraflat-surfaced ZnO thin films to be fac-
ilely fabricated on graphene. The effect of the uniform ZnO 
layers on the graphene sheets was investigated using Raman 
spectroscopy. The ratio of the intensities of the two-dimen-
sional (2D) peaks to the G peaks in the Raman spectra sig-
nificantly decreased when ZnO had been formed on graphene. 
This behavior can be explained by the difference between the 
work functions of the ZnO thin film (5.1–5.3 eV) and graphene 
(4.5–4.8 eV), whereby graphene was p-type doped when the 
electron charge was transferred from graphene to ZnO.

The properties of doped graphene are summarized in 
Table 12.2.

12.3  DEVICE APPLICATIONS OF 
DOPED GRAPHENE

Device applications of doped graphene are summarized in 
Figure 12.17.

12.3.1 fieLd-effect transistors

OFETs have generated much research interest because they 
are inexpensive to fabricate, can be fabricated using a vari-
ety of materials, are flexible, and can be used in a wide span 
of potential applications [99–101]. The development of gra-
phene-based FETs immediately followed the first observation 
of field effects in graphene in 2004. Graphene has recently 
received much attention as a potential electrode material for 
organic electronic devices [1–6]. The zero bandgap of gra-
phene induces a high off-current and a low on/off ratio, on 
the order of 102 or lower, which is much lower than those (103 
to 106) required for application in computer logic [102,103]. 
Although the charge carrier density of undoped graphene 
layers is higher than that of silicon, the zero bandgap semi-
conductor nature of graphene severely limits the on/off ratio 
that can be achieved for graphene-based devices. Therefore, 
graphene technology cannot yet compete with mainstream 
silicon technologies [104]. In other words, devices fabricated 
with channels produced from large-area graphene cannot be 
switched off and are therefore unsuitable for logical applica-
tions because the bandgap of graphene is zero.

Therefore, much research has been conducted toward 
opening the bandgap of graphene. The width of graphene 
molecules can be decreased to use the nanosize effect in order 
to induce an energy gap in graphene [105]. E-beam lithogra-
phy and oxygen plasma etching can be used to fabricate gra-
phene nanoribbons (GNRs) down to a width of 10 nm [106]. 
Although GNRs have been used to investigate the properties 
of graphene-based FETs, this method is still inadequate for 
fabricating wafer-scale FETs and is very expensive because it 
requires ultrahigh vacuum conditions.

There are some reports about using heteroatom substitution 
doping to solve these problems. Substitution doping is one of 
the most feasible methods of optimizing the semiconducting 
properties of graphene and is intentionally used to tailor the 
electrical properties of intrinsic semiconductors. Heteroatoms 
can be used as dopants to modify the electronic band struc-
ture of graphene and open an energy gap between the valence 
and conduction bands [101].

Guo et al. [58] used N+-ion irradiation at room temperature 
on mechanical exfoliated single-layer graphene to synthesize 
nitrogen-doped graphene as shown in Figure 12.18. The gra-
phene sheet was irradiated with 30-keV N+ ions at five differ-
ent positions. Graphene-based back-gate FETs were fabricated 
on a 300-nm SiO2/p2+Si substrate with Cr/Au (5 nm/70 nm) 
source/drain electrodes in order to identify the electronic 
properties of graphene. The transfer curve for the pristine-
graphene-based FET was measured under atmospheric and 
vacuum conditions. The x- and y-axis of the transfer curve 
represent the gate voltage (Vg) and conductance, respectively. 
Graphene exhibited bipolar transistor property. The minimal 
conductance shown in the transfer curve corresponds to the 
Dirac point (VDirac) for graphene. The device operated as a 
p-channel FET for Vg < VDirac and as an n-channel FET for 
Vg > VDirac [54]. The pristine graphene FET operating in air 
showed p-type behavior because of the physisorbed oxygen 
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TABLE 12.2
Properties of Doped Graphene

Doping Method Graphene Synthetic Method Dopants Properties Reference

Substitution doping CVD HBO3, CO(NH2)2 • Atomic ratio
Boron: 0% → 4.3%
Nitrogen: 0% → 4.8%

• Gate voltage
B-doped G: +5 V → ~+ 30 V
N-doped G: +5 V → ~− 23 V

[49]

CVD C3H9B(TMB) • Atomic ratio
Boron: 0% → ~12.5%

• Gate voltage
B-doped G: +3 V → ~+ 8 V

[50]

GO powder B2O3 • Atomic ratio
Nitrogen: 0% → ~3.2%

• CV curve enhanced.

[52]

CVD NH3 • Atomic ratio
Nitrogen: 0% → ~12.5%

• Gate voltage
N-doped G: +3 V → ~ +8 V

[55]

Chemical doping CVD AuCl3

DDQ
BV

• Sheet resistance
AuCl3: 201 Ω/◽ → 149 Ω/◽
DDQ: 201 Ω/◽ → 190 Ω/◽
BV: 201 Ω/◽ → 260 Ω/◽

• Work function
AuCl3: 4.5 eV → 4.8 eV
DDQ: 4.5 eV → 4.7 eV
BV: 4.5 eV → 4.0 eV

[66]

CVD AuCl3

IrCl3

MoCl3

OsCl3

PdCl2

RhCl3

• Sheet resistance
AuCl3: 1100 Ω/◽ → 500 Ω/◽
IrCl3: 1100 Ω/◽ → 600 Ω/◽
MoCl3: 1100 Ω/◽ → 720 Ω/◽
OsCl3: 1100 Ω/◽ → 700 Ω/◽
PdCl2: 1100 Ω/◽ → 520 Ω/◽
RhCl3: 1100 Ω/◽ → 620 Ω/◽

• Work function
AuCl3: 4.2 eV → 4.9 eV
IrCl3: 4.2 eV → 4.8 eV
MoCl3: 4.2 eV → 4.7 eV
OsCl3: 4.2 eV → 4.6 eV
PdCl2: 4.2 eV → 4.85 eV
RhCl3: 4.2 eV → 5.14 eV

[70]

CVD HNO3

SoCl2

(acid)

• Sheet resistance
HNO3: 725 Ω/◽ → 657 Ω/◽
SoCl2: 425 Ω/◽ → 103 Ω/◽

• Raman shift
HNO3: 1591 cm−1 → 1595 cm−1

SoCl2: 1592 cm−1 → 1600 cm−1

[68]
(HNO3)
[77]
(SoCl2)

Surface
charge
transfer

SiC epitaxy F4-TCNQ
C60

• Work function 
F4-TCNQ: 4.0 eV → 5.25 eV
C60: 4.0 eV → 4.15 eV

• C 1s spectra
F4-TCNQ: 284.4 eV → 283.9 eV
C60: 284.4 eV → 284.9 eV

[88]

GO powder TCNQ • Sheet resistance
TCNQ: 8 × 106 Ω/◽ → 5 × 104 Ω/◽

• Transmittance at 550 nm
TCNQ: 87% → 86.5%

[90]

Mechanical exfoliation Cl2

H2

CF4 (plasma)

• Raman shift
Slightly upshifted for all samples.

• Gate voltage
After plasma, gate voltage was upshifted to higher voltage area.

[92]

(Continued)
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molecules [57]. The Dirac point of the n-doped graphene 
produced by both N+-ion treatment and NH3 annealing 
was shown at the negative Vg, which is consistent with the 
N-doped graphene. The hole and electron mobilities for their 
N-doped graphene FET were calculated as approximately 
6000 cm2/V s [54,57,58].

Park et al. [95] used graphene as an active channel layer or 
electrode materials to study the effects of surface charge trans-
fer doping on the electrical properties of graphene as shown 
in Figure 12.19. A SAM produced with various functional-
ized molecules was used to modify the electronic structure 
of graphene. Au was used as the source/drain electrodes, and 
graphene was used as the channel material. The Dirac point 
drastically changed according to the surface characteristics. 
The Dirac point voltage of the graphene transferred onto the 
300-nm SiO2 wafer was at the +43-V gate voltage, indicat-
ing that the pristine graphene on the SiO2 wafer was a p-type 
semiconductor. The Dirac voltage of the FET produced using 
–NH2-surface-treated graphene sheets was at –110 V, indicat-
ing that the –NH2 functionalization had changed the graphene 
from a p-type semiconductor into an n-type one. The Dirac 
point of the –CH3-terminated graphene shifted to a slightly 
positive region (+10 V), which means that the –CH3 functional 
group had changed the graphene into a p-type semiconductor.

Graphene is potentially well suited to radio frequency 
applications because of its promising carrier transport proper-
ties and its purely 2D structure. Furthermore, graphene doped 
with either B or N atoms could open the bandgaps of semicon-
ducting graphene sheets, indicating that graphene-based FETs 
could play a key role in fabricating switching devices such as 

complementary metal oxide semiconductor (CMOS) applica-
tions. Therefore, various methods of doping are essential for 
the application of graphene in the FET industry.

12.3.2 orGanic photovoLtaic ceLLs

Organic photovoltaic (OPVs) cells have attracted much inter-
est in both scientific and experimental research because they 
are lightweight, flexible, inexpensive, and solution process-
able, all of which give OPVs tremendous advantages over 
conventional photovoltaic cells [107–109]. The OPV cells 
offer a significant advantage over silicon technology from 
the perspective of mechanical flexibility. The theoretical and 
experimental research conducted to enhance the efficiency of 
OPV cells include the synthesis of new materials in the active 
layer, optimization of the device structures, and modifica-
tion of fabrication techniques. As a result, the performance 
of OPV cells has recently increased dramatically and power 
conversion efficiencies of more than 7% have been attained 
using low-bandgap polymers in bulk heterojunction struc-
tures [110–112]. ITO has mainly been used as the transparent 
conducting electrode in OPV structures. However, the use of 
ITO as an anode material may have limited applications in the 
OPV cells because indium is a very scarce natural resource 
and because of diffusion of ions into the active layers of the 
cells. Furthermore, ITO electrodes show low stability in 
acidic solutions, and the low mechanical strength of ITO may 
prevent its application to flexible devices.

In these respects, CVD-synthesized large-area graphene 
films are a promising material for application as flexible trans-
parent conducting electrodes, and many efforts have been 
devoted to replacing ITO with graphene layers. Enhancing the 
conductivity of graphene to a level comparable with that of 
ITO remains one of the major challenges for using graphene 
electrodes in organic optoelectronic devices. Various meth-
ods of doping graphene have been investigated to decrease 
the sheet resistance of graphene sheets, as mentioned in the 
preceding chapters.

Hsu et  al. [113] used layer-by-layer molecular doping to 
construct graphene/TCNQ/graphene films for use as anodes 
in OPV cells as shown in Figure 12.20. The TCNQ mol-
ecules acted as a p-type dopant. They used Au-assisted gra-
phene transfer without an organic solvent to prevent damage 
to or dissolution of the TCNQ molecules during the transfer. 
Poly(3-hexylthiophene)/phenyl-C61-butyric acid methyl ether 
(P3HT/PCBM) bulk heterojunction OPV cells were fabri-
cated based on the multilayered graphene/TCNQ anodes and 
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FIGURE 12.17 Device applications of doped graphene.

TABLE 12.2 (continued)
Properties of Doped Graphene

Doping Method Graphene Synthetic Method Dopants Properties Reference

CVD CYTOP • Raman shift
CYTOP: 1582 cm−1 → 1597 cm−1

• Gate voltage
After CYTOP removal, gate voltage was upshifted to higher voltage area.

[94]
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were characterized. The OPV fabricated using the graphene/
TCNQ/graphene/TCNQ/graphene anode showed the opti-
mum power conversion efficiency of ~2.58%, where the sta-
ble, low sheet resistance of the graphene stacks was achieved 
without acid doping. Their proposed anode may be suitable 
for application in next-generation flexible devices requiring 
high transparency and reliable electrical conductivity. Lee 
et  al. [114] treated the surface of graphene with HNO3 and 
SOCl2 to fabricate flexible OPV cells with doped graphene 
electrodes. The CVD-grown multilayer graphene films were 
chemically doped and used as conductive and flexible elec-
trodes. The optimal sheet resistance of the multilayer-doped 
graphene films was twofold less than that of a pristine multi-
layer graphene film. The power conversion efficiency of the 
OPV cells based on the doped multilayer graphene electrodes 
reached approximately 2.6%, which is high among the power 
conversion efficiencies previously reported for OPV cells 
produced with graphene electrodes. The performance of the 
devices fabricated with the doped multilayer graphene elec-
trodes remained nearly constant, even under various bend-
ing conditions, indicating that the doped graphene electrode 
could be an appropriate candidate for application in flexible 

OPV cells. Wang et  al. [115] demonstrated that the device 
efficiency of OPV cells fabricated with a graphene anode and 
an MoO3 (2 nm)/poly(3,4-ethylenedioxythiophene):poly(styr
enesulfonate) (PEDOT:PSS) hole extraction layer was 2.5%, 
which is 83.3% of the power conversion efficiency achieved 
for the ITO-based OPV cell. They used four layers of gra-
phene treated with hydrochloric and nitric acids as the anode 
in their OPV cells as shown in Figure 12.21. The authors 
mentioned that the sheet resistance of graphene should be 
reduced to further improve the power conversion efficiency in 
graphene-based OPV cells. Modifying the work function and 
the surface free energy are also important aspects of optimiz-
ing device performance. Therefore, engineering the interface 
between the graphene electrode and the interlayer in the OPV 
structure is the key to improving the power conversion effi-
ciency in graphene-based OPV cells.

Many researchers have recently used graphene sheets as 
a hole-extraction layer in OPV cells. GO and rGO nanosheets 
have gained much interest because they are inexpensive and 
solution processable. Liu et al. [37] functionalized GO to pro-
duce both hole- and electron-extraction materials for application 
in bulk heterojunction OPV cells. They simply neutralized the 
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charge of the –COO− groups in GO with Cs2CO3 (GOCs) to tune 
the electronic structure of GO, thereby making the GO deriva-
tives useful as both hole- and electron-extraction layers in bulk 
heterojunction OPV cells. They used GO and GOCs instead of 
PEDOT:PSS and LiF as the hole- and electron-extraction layers, 
respectively. Although the power conversion efficiency of the ref-
erence cell fabricated with the ITO/PEDOT:PSS/P3HT:PCBM/
LiF/Al structure was 3.15%, that of the target cell fabricated 
with the ITO/GO/P3HT:PCBM/GOCs/Al structure was 3.67%. 
They demonstrated for the first time that simply neutralizing 
the charge of the –COOH groups in GO with Cs2CO3 could 
reverse the charge extraction in bulk heterojunction OPV cells. 
GO acted as an excellent hole-extraction layer while its Cs-based 
derivative, GOCs, was an excellent electron-extraction material. 
However, the performance of the GO-based OPV cell was highly 
dependent on the film thickness because GO is an insulator.

In this respect, Kwon et al. [116] reported the effect of ultra-
violet (UV)-ozone-treated CVD-derived graphene as a hole-
extraction layer on the performance of OPV cells as shown 
in Figure 12.22. They used CVD-derived graphene sheets 
treated with UV light and ozone for various lengths of time as 

hole-extraction layers. According to their experimental data, 
the work function of graphene increased from 4.3 to 4.85 eV 
for the graphene treated with UV light and ozone for 9 min. 
The device fabricated with graphene-treated UV light and 
ozone for 5 min showed the best efficiency of 3.0% because 
the longer UV–ozone treatment damaged the graphene sheet. 
The power conversion efficiency of the PEDOT:PSS-based 
device rapidly decreased to 0% when it was exposed to moist, 
humid conditions for 14 h while the UV–ozone-treated device 
continued to operate for 26 h under the same conditions, 
indicating that more stable and efficient passivation can be 
achieved by replacing conventional PEDTO:PSS with UV–
ozone-treated graphene.

12.3.3 LiGht-emittinG diodes

Developing high-power gallium-nitride (GaN)-based light-
emitting diodes (LEDs) is important for future solid-state 
lighting applications. The amount of contact resistance 
between the GaN and current-spreading layers must be low 
to achieve high-power LEDs [117,118]. Some reports have 
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previously described the improvement in the lateral current-
spreading layers in GaN-based LEDs. The oxidized Ni/Au 
and ITO systems in particular offer comparatively low contact 
resistance and high optical transparency [119,120]. However, 
certain obstacles limit their use at high output powers. When 
Ni/Au contacts oxidize, NiO detaches from the p-type GaN 
layer and forms a phase of insulating amorphous Ni–Ga–O at 
high transverse current densities, affecting device consistency 
[119]. Furthermore, directly depositing ITO onto p-type GaN 
produces poor ohmic contact [120]. Additional obstacles to 
using ITO as a lateral current-spreading layer in GaN-based 
LEDs are the high cost of In and low chemical resistance of 
ITO. Researchers have replaced ITO and Ni/Au with gra-
phene sheets to try to solve these problems.

Usage of pristine graphene, whose work function is 
approximately 4.5 eV, as a current-spreading electrode in the 
p-type GaN poses intrinsic limitations on current injection 
because the work function of pristine graphene is lower than 
that of p-type GaN [121]. Several methods of chemically dop-
ing graphene have been introduced to overcome this problem.

Chandramohan et al. [121] used work-function-tuned mul-
tilayer graphene to investigate the performance of InGaN/
GaN-multiquantum-well-based blue LEDs used as a current-
spreading layer (Figure 12.23). The electrode was formed by 
inserting a thin layer of gold metal between graphene and 
p-type GaN, and the electrode was then rapidly thermally 
annealed. The graphene electrode was doped with AuCl3 
through chemical charge transfer to tune the work function of 
graphene and decrease its sheet resistance and current barrier 
injection height. The forward voltage of the graphene-based 
LED prepared using the AuCl3-doped multilayer graphene 

film and a thin Au interlayer was slightly lower than that of 
the ITO-based LED.

Jo et  al. [39] applied CVD-synthesized multilayer gra-
phene films as current-spreading layers in GaN-based LEDs. 
They used multilayer graphene whose sheet resistance was 
~620 Ω/◽ and ~85% of whose transmittance was in the range 
400–800 nm. The results showed that the multilayer graphene 
electrodes in GaN LED operated as a lateral current-spreading 
layer. The forward voltages of the LEDs prepared with the 
multilayer graphene and ITO electrodes were ~5.6 and 3.8 V, 
respectively, at 20 mA input. They concluded that the graphene 
electrode may degrade the performance of GaN LEDs because 
the sheet resistance of the graphene electrode was higher than 
that of the ITO one. Increasing the conductivity and tuning the 
work function of the graphene film could improve the perfor-
mance of graphene-based GaN LEDs, and the graphene must 
be doped to achieve these objectives. These findings provide 
encouraging evidence that graphene can be applied to GaN-
based LEDs as an alternative transparent electrode to ITO. 
Using doped graphene sheets and interface engineering to fab-
ricate LEDs may lead LEDs with higher output power.

Lee et al. [122] fabricated GaN LEDs with very thin metal/
graphene electrodes as transparent and current injection lay-
ers in p-type GaN. The contact resistance of the LEDs was 
reduced from 5.5 to 0.6 Ω/cm2 by inserting a Ni/Au layer 
between the monolayer graphene and the p-type GaN, while 
the optical transmittance of the LEDs exceeded ~78% for vis-
ible light. The GaN LEDs prepared with the metal/graphene 
electrodes demonstrated uniform blue light emission over a 
large area because of the improved current-spreading and 
injection characteristics of the electrodes. This result suggests 
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that the contact resistance between graphene and p-type GaN 
plays a key role in improving the performance of GaN-based 
LEDs, and graphene must be doped to achieve this objective.

12.4 DE-DOPING PHENOMENA

Since researchers have started investigated the methods of 
doping graphene, the practical application of doped graphene 
has been limited to laboratory-scale electronic devices such as 
LEDs, OPVs, and OLEDs. Although doping has improved the 
electrical characteristics and increased the work functions of 
graphene sheets, the effects of ambient conditions on doped 
graphene sheets have not yet been thoroughly investigated. 
Some requirements such as (i) controllability in the doping 
area, (ii) stability under ambient conditions, and (iii) compa-
rability with Si-based device technologies must be taken into 
account to optimize the electrical properties of graphene before 
the doped graphene sheets could be applied to industrial elec-
tronic devices. Although there have been several reports on the 
degradation of doped CNTs exposed to ambient conditions for 
various lengths of time, only few such reports have been con-
ducted on the degradation of doped graphene sheets.

Polyethyleneimine (PEI) [123], poly(acrylic acid) (PAA) 
[124], b-nicotinamide adenine dinucleotide (NADH) [125], 
and viologen molecules [126] have previously been used as 
dopant materials in CNTs. However, such CNTs degraded 
under ambient conditions. Furthermore, organic dopants are 
vulnerable to degradation at temperatures as low as 150°C, 
which is fairly low for device applications. Some researchers 
have studied the effects of thermal and environmental stress 
on doping and de-doping of CNTs to investigate the mecha-
nisms by which CNTs degrade under ambient conditions.

Yoon et al. [127] reported the effect of thermal annealing 
on AuCl3-doped SWCNTs. The chlorination and desorption of 
chlorine atoms were shown for SWCNTs thermally annealed 
at various temperatures. The CNTs thermally annealed at 
160°C were chlorinated into AuCl3-doped CNT surfaces. 
However, the chlorine atoms desorbed from the CNTs when 
the CNTs were annealed at more than 289°C. The results of 
the UV–vis-near infrared (NIR) spectroscopy, Raman scatter-
ing, x-ray photoemission spectroscopy (XPS), and electrical 
measurements showed that the electronic and electrical prop-
erties of the AuCl3-doped SWCNTs could be modulated with 
annealing temperature. The Au3+ ions imparted strong p-type 
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doping to the CNTs at the low-temperature region because 
of the large difference between the reduction potentials of 
the Au3+ ions and CNTs. However, the p-type doping was 
suppressed, and the n-type doping was properly thermally 
induced from the CNT-Cl annealed at higher temperatures.

Kim et  al. [128] have also reported the role of anions 
in thermally annealing AuCl3-doped CNTs as shown in 

Figure 12.24. AuCl3 was used as a p-type dopant. Gold ions 
are usually obtained by dissolving AuCl3 powder in nitro-
methane or deionized water. The Au3+ ions in the solution are 
believed to play a key role in extracting electrons from CNTs 
because of the very large reduction potential and negative 
Gibbs free energy of the Au3+ ions, which theoretically act 
as a precursor for further Cl adsorption, and the chemisorbed 
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Cl ions then directly extract electrons from the CNTs. The 
effect of thermal annealing on the AuCl3-doped CNTs was 
investigated at various temperatures and under atmospheric 
conditions in Ar. XPS was used to identify Cl ions on the 
thermally annealed doped CNTs. The Cl atoms were com-
pletely desorbed from the CNTs thermally annealed at 500°C, 
and the sheet resistance of the film prepared with those CNTs 
was approximately 40% higher than that of the film prepared 
with unannealed doped CNTs. The TEM images showed that 
thermal annealing had aggregated the Au nanoparticles and 
that the size of the nanoparticles increased as a function of 
the annealing temperature. On the basis of these results, they 
assumed that the doping and de-doping mechanisms occurred 
through the following chemical reactions:

 i. Ionization of CNTs and reduction of Au3+ to Au0

2CNTs 2AuCl 2CNTs AuCl Au I AuCl Au III3+ → + ++ − −
2 4( ) ( )

 (12.5)

 3AuCl 2Au AuCl Au III 2Cl2
0

4
− − −→ ↓ + +( )  (12.6)

 AuCl 3CNTs 3CNTs Au 4Cl4
0− + −+ → + +  (12.7)

 ii. Neutralization of CNTs by Cl− anions

 CNT Cl CNT Cl+ −+ → −  (12.8)

 CNT AuCl CNT AuCl4
+ −+ → −4  (12.9)

 iii. Desorption of Cl atoms and de-doping

 2CNTs Cl 2CNT Cl2− → + ↑  (12.10)

 CNT AuCl CNT Au 2Cl4 2− → − + ↑  (12.11)

They concluded that the doping level of the CNT films was 
strongly correlated with the number of adsorbed Cl− anions, 
which was further supported by the change in sheet resistance 
and the shifts in the peaks of XPS and Raman spectra. The 
results showed that Cl adsorption plays a more important role 
in doping CNTs, while the reduction of Au3+ to Au0 plays an 
important role as an intermediate precursor to accommodate 
subsequent Cl adsorption.

The mechanisms by which AuCl3 doped and de-doped 
graphene are believed to be similar to those by which CNTs 
are doped and de-doped. There are a few similar reports on 
the mechanisms of doping and de-doping graphene thermally 
annealed at various temperatures [129]. Kwon et  al. [130] 
reported the mechanism by which metal-chloride-doped gra-
phene sheets degraded by plotting the degradation as a func-
tion of annealing temperature as shown in Figure 12.25. The 
sheet resistance of the thermally annealed doped graphene 
sheets increased from 500–700 Ω/◽ to 10 kΩ/◽, and the trans-
mittance of the thermally annealed doped graphene sheets 

decreased from 95% to 87%–91% at 550 nm. Furthermore, 
the work function of the doped graphene decreased from 4.7–
5.1 to 4.2–4.5 eV after annealing. XPS was used to identify 
chloride anions and atoms in the thermally annealed doped 
graphene. The results of the XPS analysis showed that the 
chloride anions and atoms had completely disappeared from 
the doped graphene thermally annealed at 400°C. The SEM 
images demonstrated that annealing gathered the unstable 
metal cations and aggregated the metal particles. The degree 
by which the graphene sheets were doped was strongly related 
to not only the metal cations but also to the chloride anions. 
They concluded that the aggregation of metal particles and 
desorption of chloride ions from the carbon atoms in graphene 
degraded the properties of graphene by plotting the aggrega-
tion and desorption as functions of annealing temperature.

Furthermore, Kwon et  al. [71] used a similar concept to 
investigate the effects of anions in Au complexes on the dop-
ing and degradation of graphene sheets. They used Au(OH)3, 
Au2S, AuBr3, and AuCl3 powders as dopants, each of which 
forms different anions in Au complexes. The sheet resistance 
decreased from 950 Ω/◽ for the undoped graphene sheets to 
820, 600, 530, and 300 Ω/◽ for the graphene sheets doped 
using Au(OH)3, Au2S, AuBr3, and AuCl3, respectively. The 
work function increased from 4.3 eV for the undoped gra-
phene to 4.6, 4.8, 5.0, and 4.9 eV for the graphene doped using 
Au(OH)3, Au2S, AuBr3, and AuCl3, respectively. However, 
thermal annealing dramatically increased the sheet resis-
tances and decreased the work functions of the doped gra-
phene sheets. Each Au complex had dissolved in the solvent 
to form Au3+, its corresponding anions (X−), and the highly 
reactive AuX− species, which can easily form AuX2

−, Au0, 
and X− on the graphene surface. However, not all of the Au 
complexes had completely dissolved into Au3+ and X− in the 
solvent because of the solubility and coordination of Au3+ and 
X− with dopant materials. The proposed mechanism by which 
the Au complexes doped graphene is as follows. The posi-
tively charged reactive carbon centers are first combined with 
anions. Au3+ cations on the graphene sheets then withdraw 
electrons from the graphene sheets to stabilize the sheets, 
leading to the formation of strong chemical bonds between the 
anions and the reactive carbon centers in the graphene sheets. 
Therefore, the electrons are likely extracted to the Au3+ cations 
and to the Br−, S2−, OH−, and Cl− anions, whose electronegativ-
ities are higher than that of carbon atoms. However, thermally 
annealing the doped graphene at 400°C broke the graphene-
anion covalent bonds and aggregated the Au nanoparticles. 
The sublimation or evaporation of the anions through thermal 
annealing seems to affect the density of electrons on the sur-
face of the doped graphene, enabling it to recover to the sur-
face state of pristine graphene. As a result, the work function 
of the thermally annealed doped graphene sheets returned 
to that of pristine graphene. Further, the sheet resistance of 
the thermally annealed doped graphene sheets dramatically 
increased as a function of temperature. The degree of change 
in sheet resistance was strongly related to the strength of the 
covalent bonds between the carbon atoms in graphene and the 
dopant anions. Among all the Au complex dopants, AuCl3 
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formed the weakest bond; therefore, the degree of change in 
sheet resistance and work function of the AuCl3-doped gra-
phene were the largest. The results suggested that the degree 
by which graphene was doped was related to the electronega-
tivity of anions in the Au complex and that the degradation of 
graphene sheets was strongly related to not only the anneal-
ing temperature but also the strength of the bond between the 
Au3+ cation and the corresponding anions.

12.5 CONCLUSION

In this chapter, we discussed various methods of doping 
graphene, the application of doped graphene to electronic 
devices, and the de-doping phenomenon. Graphene must be 
doped to enhance the electrical properties of graphene sheets.

Substitution doping is used to introduce foreign atoms such 
as boron (p-type doping) or nitrogen (n-type doping) into gra-
phene films while they are being synthesized, thus forming 
interstitial and substitutional impurities in the networks of 
carbon atoms in the films. Although substitution doping is an 
efficient method of modifying and determining the electronic 
structures of graphene sheets, some methods such as ion 
implantation and high-intensity plasma require the use of high 
power and thus produce many defects in graphene networks. 

These defects induce the degradation of the electrical proper-
ties of p- or n-type doped graphene.

Chemical and surface charge transfer doping are the best 
methods of enhancing and modifying the electrical properties 
of graphene sheets. The Fermi level of pristine graphene can 
be shifted by transferring the charge from graphene sheets to 
the adsorbed dopant species or vice versa. Such adsorption-
induced chemical doping can effectively optimize the Fermi 
level of graphene sheets without producing basal plane reac-
tions, thereby preventing any damage to the carbon network 
in the graphene sheets. The method of transferring the sur-
face charge has great potential in modifying the electrical and 
electronic properties of graphene. Graphene sheets can be 
modified to n- and p-type by doping graphene with electron-
donating and electron-withdrawing functional groups, respec-
tively, which can efficiently and easily optimize the electronic 
structure of graphene through the dipole moments formed 
between the adsorbed species and the carbon atoms of the 
graphene.

Many researchers have tried to apply doped graphene 
sheets as electrodes or active channel materials in electronic 
devices. FET devices are usually fabricated with graphene as 
the channel material to understand the electronic structure of 
both pristine and doped graphene sheets. The performances 

105

5.2
Au
Ir
Mo
Os
Pd
Rh

5.0

4.8

4.4

4.6

4.2

4.0
Pristine

Pristine 200°C 300°C 400°CDopingHNO3

As-doped
Sample condition

Sample treatment condition

Annealing at 400°C
metal agglomeration

Annealing at 400°C

Annealed

Sh
ee

t r
es

ist
an

ce
 (Ω

/s
q.

)

104

103

102

(b)

(a)
(c)

W
or

k 
fu

nc
tio

n 
(e

V
)

As-doped graphene
MeCl4

–, MeCl2
–, Me0, Cl–

Annealing at 100–300°C

MeCl4– combination
MeCl2– decomposition

Me0 aggregation
Cl– evaporation

3000
2800
2600
2400
2200
2000
1800
1600
1400
1200
1000
800
200

0
–200 Dopant

Sample treatment condition

Ch
an

ge
s i

n 
R s (

%)

200°C 300°C 400°C

AuCl3IrCl3
MoCl3OsCl3PdCl2
RhCl3

AuCl3
IrCl3
MoCl3
OsCl3
PdCl2
RhCl3

FIGURE 12.25 (a) The variation of sheet resistance as a function of doping and annealing temperature. The inset graph shows the changes 
in sheet resistance in percentage terms, with the sheet resistance of pristine graphene set at zero percent. (b) The work function variation 
graph was investigated as a function of the sample condition. All of the annealed samples show lower work function compared with their 
as-doped sample values. (c) The proposed mechanism of tannealing-induced degradation of doped graphene. The spheres indicate chlorine 
anions and metal cations, respectively. (Kwon, K. C. et al., 2013. Role of ionic chlorine in the thermal degradation of metal chloride-doped 
graphene sheets. Journal of Materials Chemistry C, 109:253–259. Reproduced by permission of The Royal Society of Chemistry.)



202 Graphene Science Handbook

of doped-graphene-based OPV devices are lower than those 
of ITO-based ones because the sheet resistance of graphene 
is higher than that of ITO and the surface of graphene is 
highly hydrophobic. Therefore, developing methods of dop-
ing and engineering interfaces are the most important aspects 
of improving the performance of graphene-based OPV cells. 
Doped graphene sheets have already been used as current-
spreading electrodes, replacing the Ni/Au and ITO layers in 
LEDs. Combining layer-by-layer doped graphene with inter-
calated thin metal layers shows promise for replacing Ni/Au 
and ITO electrodes with doped graphene ones.

The two major obstacles to the practical application of gra-
phene-based electronic devices are (i) the instability of doped 
graphene under ambient conditions and thermal stresses and 
(ii) the incompatibility of doped graphene with Si- or ITO-
based device technologies. Despite the excellent performance 
of graphene, doped graphene degrades under atmospheric 
conditions and during thermal annealing. Therefore, graphene 
degradation should be overcome in order to practically apply 
doped graphene sheets to transparent conducting electrodes.
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13 Chemical Modifications of 
Graphene via Covalent Bonding

Liang Cui, Dongjiang Yang, and Jingquan Liu

ABSTRACT 

Graphene, which consist of a single atom sheet conjugated 
sp2 carbon atoms, has triggered intensive interest in various 
areas due to its excellent properties and inexpensive sources 
(graphite) since its discovery in 2004. However, its hydropho-
bicity and easy aggregation, which can be changed by chemi-
cal modifications, make it hard to process. Covalent binding 
of molecules to graphene represents an interesting alterna-
tive for the development of novel graphene derivatives with a 
compendium of interfacial interactions. Covalent linking, the 
most convenient method in terms of solution processing, but 
certainly not the best method where electronic application is 
concerned, is stronger than traditional non-covalent linking, 
such as van der Walls force, hydrogen bonding, and so on.  
This feature article provides an overview of the strategies cur-
rently employed to covalently modify graphene. We focus on 
the modifications of pure graphene other than graphene oxide 
as the latter has plenty of functional groups and can  easily 
be modified. The modification methods of graphene and gra-
phene oxide, as well as the applications of functionalized gra-
phene and graphene oxide, are summarized.

13.1 INTRODUCTION

Graphene’s two-dimensional, highly conjugated, and single-
atom layered structure endow it with many unique properties, 
for example, high Young’s modulus, surface area and frac-
ture strength, and fast mobility of charge carriers [1,2]. These 
remarkable properties, along with the ballistic electronic trans-
port and quantum Hall effect [3,4] cause graphene the world’s 
thinnest, strongest, and stiffest material, as well as being a 
significant potential material in electronic and optic devices, 
polymer composite materials, and biomedical materials [5–7]. 
Graphene has proved to be a more promising carbon allotrope 
for some applications than other nanocarbon family members 
such as 1-dimensional nanotubes and 0-dimensional fullerenes.

A number of methods have been employed to prepare gra-
phene nanosheets, among which the mostly applied methods 
include the exfoliation of graphite [8], reduction of graphene 
oxide (GO) [9], and chemical vapor deposition (CVD) [10,11]. 
The exfoliation and CVD methods can be used to obtain 
less-defected, large-sized pristine graphene that is preferred 
for the fabrication of electronic devices. However, these two 
methods are limited by the low production and high cost at 
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current stage. The most economical and mass production 
method to prepare graphene is reduction of GO that is usu-
ally prepared by the oxidation of graphite [12]. However, the 
reduced graphene oxide (RGO) has some drawbacks such as 
more defects, small size, and some residual groups which are 
concerned for electronic application. Other methods, such as 
arc discharge, unzipping carbon nanotubes, epitaxial growth 
on silicon carbide are also reported [13].

However, there are two major problems that need to be tack-
led for both pristine graphene and RGO before their applica-
tions. The first is the low dispersibility of graphene in common 
organic and inorganic solvents. In some cases the good disper-
sion of graphene in common solvents is a crucial move toward 
the formation of homogeneous nanocomposites. The second 
is the zero bandgap of graphene, which is the obstacle for the 
application in some electronic devices such as transistors. 
Chemical modifications are convenient protocols to address 
both of these issues through the introduction of variable chem-
ical decoration [14]. Chemical functionalization not only pre-
vents the irreversible agglomeration graphene sheets via π–π 
stacking interactions, the bandgap could also be opened up as 
required for the fabrication of specific electronics.

Generally speaking, graphene can be modified with cova-
lent and noncovalent methods, both of which have their 
advantages and disadvantages [15]. Noncovalent methods 
include π–π stacking interactions [16,17], electrostatic inter-
action, hydrogen bonding, coordination bonds, and van der 
Waals forces [18]. Noncovalent modification can maximally 
preserve graphene’s natural structure; however, the interac-
tions between functionalities and graphene surface are rela-
tively weak. Therefore, it is not suitable for some applications 
where strong interactions are required.

In this chapter, we focus on the chemical modification of 
graphene using covalent bonding. Chemical covalent func-
tionalization can improve the properties of graphene including 
opening its bandgap, tuning conductivity, and improving solu-
bility and stability. The covalent functionalization of graphene 
was also discussed from both experimental and theoretical 
aspects. Since graphene is usually prepared by the reduction of 

GO, incomplete reduction should leave some oxygen-contain-
ing functional groups, through which covalent modifications 
can be conducted. Therefore, covalent modification of GO and 
the resulting applications are also included (Table 13.1).

13.2  COVALENT MODIFICATIONS 
OF GRAPHENE

Since graphene consists of sp2 hybridized carbon atoms covalent 
modification of graphene can be achieved via opening the unsat-
urated double bond, resulting in sp3 hybridized carbon network. 
This can be reached by two general routes: The first is to form 
one covalent bond between the modifier and graphene surface 
via free radical reactions, substitution, or rearrangement and the 
second is to form two covalent bonds via cyclization reaction 
between the modifier and graphene surface via cycloaddition or 
nucleophilic addition. The cycloaddition can be obtained using 
different functionalities: carbene, nitrene, or aryne. The com-
mon covalent modifications involve radical reaction [19–21], 
cyclization reaction [22,23], residual group reaction of RGO 
and functional groups reactions of GO [24] (Figure 13.1). Other 
covalent methods are also used to modify graphene such as 
defects reaction [25,26]. Tessonnier and coworkers developed 
a new approach based on Hansen’s solubility theory to chemi-
cally modify RGO through the attachment of decyl groups on a 
variety of defect sites already present on RGO surfaces depend-
ing on the constraints of target application. They grafted alkyl 
chains onto RGO sheets and found that the attached alkyl chains 
also act as spacers, which improve the exfoliation of the sheets 
and prevent them from reagglomeration [26].

13.2.1  modifications of Graphene via free 
radicaL addition reactions

13.2.1.1  Modifications of Graphene via 
Diazonium Salt Reactions

Diazonium salts react with graphene through a free radical 
mechanism which has been previously achieved on fullerene, 
graphite, and carbon nanotubes. Pinsion and coworkers were 

TABLE 13.1
Covalent Modification and Property of Graphene

Modified Agent Typical Parameters of Experiments Properties Reference

Diazonium salts Stirring at room temperature Solubility
Conductivity
Surface potential

[17,35–37]
[15,16,38,40–42]
[43]

Benzoyl peroxide (BPO) Intense laser irradiation Conductivity Hole doping [52,53]

Trifluoromethylphenylene (CF3Ph) Electrochemistry method Water contact angles [54]

Styrene High-intensity ultrasound Dispersibility [55]

Carbene Stirring at room temperature Dispersibility [76–80]

Nitrene Refluxing in organic solvent Dispersibility [18,56,67–70]

Aryne Diels–Alder reaction Dispersibility [59–63]

Cyclopropane adducts Microwave irradiation Dispersibility [82]

Diborane, urea Hydrothermal Electronics [85–89]

Functional groups GO Dispersibility [91,92,95,99,101]
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the first to describe the reaction mechanism between diazo-
nium salt and carbon–carbon double bond [27] and recently 
other groups also have found that aryl groups can be cova-
lently attached to graphene surfaces through free radical reac-
tions [17,19,28–30]. This methodology has been successfully 
applied to open the bandgap of graphene and to improve its 
solubility. The intensive interest in using aryl diazonium salts 
as modifiers lies in their ease of preparation, rapid (electro) 
reduction, large choice of reactive functional groups, and 
strong ary-surface covalent bonding [31,32].

Modification of graphene via diazonium salt reactions 
could be used to improve the solubility of graphene, pre-
vent aggregation in different solvents, and improve the pro-
cessability as well as enhance the interactions with organic 

polymers [33–38]. Lomeda and coworkers [21] were the first 
to functionalize RGO with high amounts of varying aryl 
diazonium salts, and found that the functionalized RGO can 
disperse readily in polar aprotic solvents, allowing alternative 
avenues for simple incorporation into different polymer matri-
ces. Other groups also reported stable graphene dispersions 
through diazonium reactions [39,40]. Specifically, Zhu and 
coworkers [41] developed two routes for the functionalization 
of graphene nanoribbons, the diazonium salt reaction (route I) 
and the in situ functionalization of GNRs using organic nitrite 
and aromatic amine (route II), allowing the nanoribbons to 
become soluble in organic solvents (Figure 13.2a and b).

Since diazonium salt reactions will partially destroy the 
π-conjugated structure of graphene, they can be employed to 
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manipulate the electrical and electronic properties of graphene 
[20,42–44]. Covalent functionalization of the surface or the 
edge of epitaxial graphene could also provide a novel route for 
introducing patterning that can modulate the energy bandgap, 
affect electron scattering, and direct current flow by producing 
dielectric regions in a graphene wafer. A mixed two-step func-
tionalization method was designed to modify graphene pre-
pared using the CVD method by Sun and coworkers [43]. The 
first step is the controlled hydrogenation of graphene and the 
second is the activation of hydrogenated graphene with 4-bro-
mophenyldiazonium tetrafluoroborate. It was found that the 
density of the sp3 C functional groups on graphene’s basal plane 
can be controlled from 0.4% to 3.5% with this two-step covalent 
functionalization process. This methodology permits modula-
tion of the electronic properties of graphene’s basal planes and 
could hold promise for specifically patterned optoelectronic 
and sensor devices based on this exciting new material.

Conductivity of graphene can also be manipulated with 
diazonium reactions. Liu and coworkers [19] functionalized 
RGO with monoaryl and bi-diazonium salts and compared 
their electrical conductivity. They found that the electrical 

conductivity of these functionalized graphene (FG) decreased 
with the increase in the amount of diazonium salts which is due 
to the destruction of the conjugated structure and the increas-
ing distance among graphene layers. The kinetics of graphene 
functionalization with diazonium salts by probing the electri-
cal properties of graphene nanoribbons (GNRs), either in vac-
uum after the grafting, or in situ in the solution was studied by 
Sinitskii and coworkers [45]. A simple device was fabricated 
on a 200-nm-thick thermal SiO2 over heavily doped p-type 
Si that was used as a back gate (G) (Figure 13.3a). After the 
diazonium treatment, the conductivity of GNR devices gradu-
ally decreased with grafting time over the entire Vg-range, 
which can be explained by the covalent attachment of 4-nitro-
phenyl groups to the GNRs, resulting in the transition of gra-
phene carbon atoms from sp2 to sp3 hybridization. What’s 
more, the reaction of GNRs with 4-nitrobenzene diazonium 
tetrafluoroborate is reasonably fast, such that more than 60% 
of the maximum change in electrical properties is observed 
within 5 min of grafting at room temperature (Figure 13.3b).

However, different conclusions were reported by Huang and 
coworkers when graphene was functionalized via nitrophenyl 
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groups through the reaction of diazonium salts. Electric trans-
port measurements demonstrated that modified graphene is 
more conductive than intrinsic graphene [46] (Figure 13.4a). 
The enhancement of graphene’s conductivity was contributed 
to the charge transfer effect as shown in Figure 13.4b. In the 
low reaction extent, fewer electrons transfer from the gra-
phene conjugated π-bond to the covalent bonds between gra-
phene and nitrophenyl groups, leaving fewer holes as charge 
carriers. In this situation, the scattering effect of nitrophenyl 
groups is dominant. In high reaction extent, much more holes 
are formed in the conjugated π-bond and this effect overruns 
the scattering effect; hence the conductivity is enhanced.

Diazonium functionalization was also used to control 
the surface potential of graphene. Stark and coworkers [47] 
used photoresist to create a patterned surface on highly ori-
ented pyrolytic graphite (HOPG), and then selectively func-
tionalized the top layer by exposing the diazonium reagent 
to the unmasked areas. Functionalization with p-nitrophenyl 
group induced a change in the surface potential, measured by 
Kelvin probe force microscopy, of ΔΨ = −74 ± 16 mV relative 
to HOPG. They also studied the effect of the substituent on the 
phenyl group by functionalizing HOPG top layer using vari-
ous aryl diazonium salts. Further modifications of diazonium 
FG were also carried out simply via the addition of different 
polymers. Atom transfer radical polymerization (ATRP) and 
radical addition fragmentation transfer (RAFT) polymeriza-
tion methods are often used to graft the polymer to diazonium 
functionalized RGO. Yang and coworkers [48] modified the 
diazonium functionalized RGO via click chemistry and RAFT 
polymerizations. They grafted poly(N-isopropylacrylamide) 
(PNIPAM) to RGO and found that the RGO/PNIPAM nano-
composites presented a lower critical solution temperature at 
33.2°C. Polystyrene chains were grafted onto the surface of 
small reduced graphene sheets [49] and resulted in a grafting 
content as high as 82 wt% and a 15°C enhancement in Tg.

In addition to the radical mechanism, the edges of graphene 
nanoribbons and defects in graphene basal plane are easier to 
react with diazonium salts [50,51] as the chemical reactivity 
of graphene is influenced by its physical structure, including 
the number of layers, the type and structure of edges, and the 
degree of strain and grain boundaries [52]. Lim and cowork-
ers [53] investigated the site-dependent and spontaneous func-
tionalization of mechanically exfoliated graphene (MEG) using 
4-bromobenzene diazonium tetrafluoroborate (4-BBDT) and its 
doping effect. It was found that 4-BBDT molecules were spon-
taneously functionalized noncovalently on basal plane of MEG, 
while they were covalently bonded to the edge of MEG, which 
was successfully explicated by Raman spectroscopy. Sharma 
and coworkers [28] found that single graphene sheets are almost 
10 times more reactive than bilayers or multilayers of graphene 
before and after chemical reaction and that the reactivity of edges 
is at least two times higher than that of the bulk single graphene 
sheet. A similar conclusion was obtained by Sun and coworkers 
[54]; they functionalized thermally the expanded graphite with 
4-bromophenyl addends using the in situ diazonium formation 
procedure and sonication to obtain chemically assisted exfoli-
ated graphene (CEG) sheets which had higher solubility than 

pristine graphene without any stabilizer additive and a majority 
of the Br signals came from the edges of the CEG indicating that 
the basal planes were not highly functionalized. Further study 
by Wu and coworkers have shown that transferring graphene 
onto an Si wafer substrate decorated with SiO2 nanoparticles 
induced local regions of mechanical strain and increased the 
chemical reactivity of at least some of the carbon atoms at these 
sites. In particular, in situ generated aryl radicals were found to 
couple to the graphene with a higher degree of local curvature, 
as confirmed by micro-Raman mapping spectroscopy [55].

13.2.1.2 Other Free Radical Reactions
The functionalization of graphene via free radical addition 
approach has also been achieved by both photochemical and 
thermal treatments. In addition to diazonium salts, benzoyl 
peroxide, fluorinated aryl iodonium salts and styrene can also 
react with graphene by phenyl radicals. Barron and cowork-
ers [56,57] described a photochemical and thermal reaction 
between graphene and benzoyl peroxide (BPO). The intense 
laser irradiation was used to produce free phenyl radicals 
and significant defects in the basal plane of graphene. The 
attachment of the phenyl groups was directly indicated by the 
appearance of this D band at 1343 cm−1, which is due to the 
formation of sp3 carbon atoms in the basal plane of graphene. 
This reaction was also carried out on a graphene sheet placed 
in a field effect transistor (FET) device and found that the con-
ductivity significantly decreased due to the increase of sp3 car-
bon atoms after the covalent addition of phenyl groups. What’s 
more, an increase in the level of hole doping was also observed 
which is attributed to the physisorption of benzoyl peroxide. 
Regarding the mechanism of radical generation, they suggest 
that a hot electron initiates an electron transfer from photoex-
cited graphene to the physisorbed benzoyl peroxide. The short-
lived benzoyl peroxide radical anion is then decomposed to 
produce the phenyl radicals, which react with the sp2 graphene 
carbon atoms. Phenyl radicals can also be obtained by elec-
trochemistry method. Chan and coworkers [58] demonstrated 
the electrochemically driven covalent bonding of trifluoro-
methylphenylene (CF3Ph) onto epitaxial graphene and found 
increased water contact angles and work functions.

Another interesting radical chemistry of graphene by irra-
diating graphite powder in styrene with high-intensity ultra-
sound was also reported [59]. The ultrasound allowed graphite 
to exfoliate as well as styrene to polymerize onto the graphene 
flakes. The reaction was proposed to involve radicals gener-
ated during sonication of styrene, which reacted with the gra-
phene to form polystyrene-FG. The covalent bond formation 
was supported by the appearance of the Raman D band that 
is indicative of the conversion of sp2 into sp3 carbon, and the 
high stability of the polystyrene-FG that could be dispersed in 
organic solvents without precipitation.

13.2.2  functionaLization of Graphene 
via cycLization reactions

Apart from free radical addition reactions, graphene can also 
be functionalized through cyclization reactions. The aryl 
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diazonium salt-based reactions exhibit a higher reactivity at the 
edges than the interior of the sheets. Instead, the cyclization 
reactions seem to take place not only at the edges but also at the 
internal C═C bonds [60–62]. The characteristic of cyclization 
reaction is to form a cycle between graphene and functional-
ities and two common reactions can be adopted: cycloaddition 
and nucleophilic addition reaction. A number of molecules can 
attach to the graphene surface or edges through cyclization 
mechanism; nitrenes, carbenes, and arynes are some of them.

13.2.2.1 Functionalization with Arynes
The formation of a four-electron cycloaddition on graphene 
sp2 carbon network goes through an aryne or benzyne inter-
mediate via an elimination–addition mechanism. Arynes are 
an uncharged reactive intermediate generated by the abstrac-
tion of two ortho-substituents on arenas. A common reaction 
of arynes is the Diels–Alder reaction with dienes. Unlike the 
radical addition chemistry discussed above, the Diels–Alder 
reactions are expected to give rise to [4 + 2] cycloaddition 
products. The products of the Diels–Alder reaction with gra-
phene readily undergo a thermal retro-Diels–Alder reaction; 
the versatility of this covalent carbon–carbon bond formation 
chemistry and the dual behavior of graphene as either diene 
or dienophile in this chemistry (Figure 13.5) allows covalent 
grafting of a wide variety of functional groups as dienes or 
dienophiles and consequently provides a convenient platform 
for the application of this chemistry in various post-grafting 
modifications of graphene for sensing and advanced material 
applications. For graphene as diene, tetracyanoethylene and 
maleic anhydride have been introduced as dienophile and the 
reactivity was probed by Raman analyses. The analyses also 
indicated the effects of graphene type and temperature on the 
success and reversibility of the cycloaddition, which prompted 
for an optimized reaction temperature for each graphene sam-
ple. Subsequent application of graphene as dienophile was 
demonstrated by cycloaddition with 9-methylanthracene and 
2, 3-dimethoxy-1, 3-butadiene. The hybrid graphene materi-
als were also highlighted to show nonmetallic behavior over 
a temperature range of 100–300 K [63–66]. Another arynes, 
pyridynes, can also be used to covalently modify graphene 
sheet through cycloaddition reaction [67].

However, the formation of arynes typically requires harsh 
conditions (strong base, metals), a fluoride-induced decom-
position methodology on an o-trimethylsilyl-phenyl triflate 
provides a mild and neutral condition instead. The presence 
of a fluoride ion induced a desilylation step (driven by the for-
mation of a strong F–Si bond) to provide a carbanion with a 
filled sp2 orbital in the plane of the ring. This proceeded by 
an elimination of the triflate group to give benzyne, which is 
electrophilic. Subsequent nucleophilic attack by the graphene 
carbon network resulted in a [2 + 2] cycloaddition. Zhong 
and coworkers [68] also developed a novel and convenient 
approach to functionalize graphene by using aryne cycload-
dition with easily accessible 2-triflatophenyl silane benzyne 
precursors. 1,2-(trimethylsilyl)phenyl triate was also used 
to modify graphene sheets through aryne mechanism with 
the addition of CsF [4] (Figure 13.1e). The resulting highly 
functionalized and thermally stable aryne-modified graphene 
sheets can be well dispersed in various solvents. Moreover, 
the electronic properties of aryne-modified graphene may be 
changed due to the functionalization with aryne groups. The 
degree of functionalization was determined as 1 per 17 car-
bons from the 36.5% weight loss measured by TGA, or 1 per 
16 carbons from the integration of F1s and C1s peaks by XPS.

13.2.2.2 Functionalization with Nitrenes
The nitrene chemistry has become a powerful method for chem-
ical modification of carbon nanotubes and fullerenes and subse-
quently applied to graphene [69]. Nitrene can be generated from 
a thermal or photodecomposition of an azide group (Figure 
13.1d) and a variety of azides have been tested to functionalize 
graphene such as azomethine ylides [22,60,70], azidotrimethyl-
silane (ATS) [71], azidophenylalanine [72], and perfluorophenyl 
azides (PFPAs) [73]. Azomethine ylides can be generated from 
N-methyl glycine and reacted onto graphene [74]. Quintana and 
coworkers [22] functionalized graphene using the 1,3-dipo-
lar cycloaddition of azomethine ylides at 125°C. Their results 
showed that reaction has taken place not just at the edges but 
also at the internal C═C bonds of graphene. A different reaction 
condition was carried out by Georgakilas and coworkers; they 
found that graphene can also be functionalized with azomethine 
ylides by refluxing in DMF at 145–150°C for 96 h [60].
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Azidotrimethylsilane (ATS) can react with graphene in vac-
uum, and a bandgap of 0.66 eV was acquired for the FG [71]. 
The degree of functionalization was relatively small, as shown 
by the intensity ratio of N/C ≈ 1/53 from the N1s and C1s core-
level XPS spectra. The ATS-FG was stable toward thermal treat-
ment at 250°C for 5 min. Further annealing at 850°C for 5 min 
resulted in the bandgap closure and restoration of the metallic 
behavior of graphene. Storm and coworkers demonstrated a high 
yield method of functionalizing graphene nanosheets through 
nitrene addition of  azidophenylalanine exfoliated microcrystal-
line graphite [72]. They refluxed solvent-exfoliated graphene 
flakes together with Boc-protected azidophenylalanine in o-di-
chlorobenzene for 4 days and the final product showed a high 
density of phenylalanine as determined by TGA (69 wt % mass 
loss). However, when the azidophenylalanine was protected 
at carboxyl and amino ends (Boc-Phe-OMe), the experiment 
showed a higher extent of functionalization (78% mass loss) that 
may be because of multilayers, rather than a single layer of phe-
nyl azide deposited on graphene.

Perfluorophenyl azides (PFPAs) is another common func-
tionality to modify graphene, which overcome the lack of 
biomolecular chemistry of alkyl and phenyl nitrenes and have 
become a class of popular and highly efficient photoaffinity 
labeling agents [73]. Liu and coworkers [75] treated graphene 
with PFPAs and introduced well-defined functional groups 
to pristine graphene by thermal or photochemical activation. 
This was accomplished in one step by heating the solution 
of o-dichlorobenzene-exfoliated graphene flakes and PFPAs 
at 90°C for 3 days (Figure 13.6a). The obtained FG has fine-
tuned solubility and surface properties which greatly enhance 
the processability of graphene-based materials. The electronic 

characteristics of PFPA-FG were also studied by Suggs and 
coworkers [76]. Their results showed that that the [2 + 1] cyclo-
addition preserves the sp2 hybridization network of the carbons 
on graphene. However, the π conjugation of graphene near the 
Fermi level is greatly disturbed by functionalization, which 
leads to the opening of a bandgap dependent on the concentra-
tion of the addend. This kind of reaction also offers an efficient 
method for the formation of stable graphene on technologically 
significant substrates such as silicon wafers. Silicon wafers 
were first functionalized with PFPAs by silanization and gra-
phene was then pressed onto the PFPA surface and was heated 
to covalently attach the bottom layer of the HOPG on the wafer. 
Additionally, because the PFPAs reaction can be triggered by 
photons and electrons, lithography techniques can be applied 
where the location and spatial features of the attached graphene 
can be controlled [77]. On the basis of a similar methodology, 
Barron and coworkers demonstrated the addition of an amino 
acid side chain, phenylalanine, via a [2 + 1] cycloaddition to 
modify the solubility of exfoliated graphene materials. More 
importantly, the phenylalanine chains (consist of –COOH and 
–NH2 arms) provided additional anchors for further function-
alization. It was found that the functionalization occurred not 
only at the edge planes, but mostly on the basal planes as sup-
ported by TGA analyses whereby TGA showed 69% by mass 
functionalization while the cumulative edge planes would have 
only accounted for 2%–3% by mass.

Cycloaddition is different from condensation reaction. 
Quintana and coworkers performed two well-established 
organic reactions (1,3-dipolar cycloaddition and amide-conden-
sation reactions) on graphene sheets [61,78] (Figure 13.6b). Their 
experimental results indicated that 1,3-dipolar cycloaddition 
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occurs probably next to defects, inducing a higher dispersibility 
in DMF, while in the amide-condensation reaction the carbox-
ylic groups are mainly present at the edges of pristine graphene 
exfoliated in DMF. A comparative study of the addition of azo-
methine and carbonyl ylide to graphene models was reported by 
Cao and coworkers [79]. Reaction energetics has been obtained 
which shows that edge areas of graphene are much more favor-
able reaction sites than the center sites. Azomethine ylide cannot 
directly react at the center area, while carbonyl ylides are prom-
ising reagents for functionalization of graphene.

13.2.2.3 Functionalization with Carbenes
The highly reactive carbene is capable of undergoing inser-
tion reaction to C–H bonds and [1 + 2] cycloaddition reaction 
to C═C bonds in high yield, if there is no competing reaction 
paths (Figure 13.1c). Chloroform [80] and diazirines [81] are 
two carbene precursors that have been successfully used to 
functionalize RGO. Chloroform, upon treating with a base, 
forms dichlorocarbene that can be transferred to an organic 
layer by a phase transfer catalyst. Carbene in the form of 
dichlorocarbene has been introduced on the graphene sp2 car-
bon network. Carbene formation was achieved by the conven-
tional α-elimination method from a mixture of chloroform in 
strong base (NaOH). Carbene generated by this method usu-
ally exists as singlet carbene since the starting central carbon 
atom of the chloroform precursor inherited two paired elec-
trons from the broken C–H σ-bond. Moreover, the electron-
rich substituents (chlorides) readily stabilize the singlet spin 
state. Since carbene is highly reactive, it would readily react 
in its initial spin state, which means that it is unlikely that it 
will switch to a triplet state. In this case, the singlet carbene 
which behaves like an electrophile reacts spontaneously with 
the graphene sp2 carbon atoms in a concerted manner.

Diazirines are three-membered heterocyclic rings that 
have an sp3 carbon atom bonded to an azo group. Analogous 
to azides, diazirines decompose on heating or irradiation to 
release molecular nitrogen and give the electron-deficient 
carbene species. Diazirines have found applications in sur-
face modification and in the synthesis of functional materi-
als: CNTs [82], diamond, fullerene, and RGO [80]. Similar 
to azides, diazirines are stable in the absence of light and can 
rapidly form carbine upon light activation [83]. Compared 
with phenyl azides, however, diazirines can be time consum-
ing to synthesize and less efficient as some carbenes require 
a second photon to generate [84]. 3-Aryl-3(trifluoromethyl)
diazirine is one of the most frequently used diazirine com-
pounds due to the lack of intramolecular rearrangement of 
the corresponding carbene [73,83]. Diazirines are also used 
to prepare graphene–polymer and graphene–nanoparticle 
hybrids. Alkyne-modified graphene was prepared and then 
reacted with azido-terminated polystyrene to graft polymer 
chains to graphene surface [85]. The obtained PS-grafted 
graphene sheets exhibited good dispersibility and full 
exfoliation in common organic solvents. Workentin and 
coworkers immobilized Au nanoparticles on RGO using 
3-aryl-3(trifluoromethyl)-diazirine. Au nanoparticles were 
functionalized with mixed thiols of 1-decanethiol and a thiol-
derivatized diazirine, and were UV irradiated in the presence 
of RGO in THF to give Au nanoparticles–graphene conjugate 
[81] (Figure 13.7a).

13.2.2.4 Nucleophilic Addition
The Bingel reaction originated from the cyclopropanation 
chemistry of fullerene. It utilizes a halide derivative of the 
diethyl malonate moiety in the presence of a base such as 
1,8-diazabicyclo[5.4.0]undec-7-ene or sodium hydride. It has 
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ever since found its usefulness in graphene chemistry given 
the ease of its reaction conditions. The halide–malonate moi-
ety is typically generated in situ in a mixture of tetrahalo-
methane and a base. The base abstracts a proton from the 
halide–malonate to provide an enolate which subsequently 
nucleophilically attacks a C═C bond on the graphene carbon 
framework. The resulting carbanion undergoes a subsequent 
nucleophilic substitution which displaces the halide atom to 
provide a cyclopropane adduct via intramolecular ring closure.

On the basis of the Bingel cyclopropanation reaction, 
Tagmatarchis and coworkers successfully introduced cyclo-
propane adducts (diethyl malonate and extended tetrathia-
fulvalene (exTTF) moieties) onto the exfoliated graphene sp2 
carbon network with microwave irradiation (Figure 13.7b) 
[86]. In this work, the group also introduced the usage of 
benzylamine solvent to exfoliate graphene layers from graph-
ite under ultrasonication treatment. The hybrid graphene 
materials were reported to be functionalized up to 23% and 
displayed good dispersibility in organic solvents such as 
m-dichloromethane, o-dichlorobenzene, dimethylformamide 
(DMF), and toluene.

13.2.3  modifications of Graphene via suBstitutionaL 
reaction and chemicaL dopinG

The functionalizations of graphene carbon networks based 
on electrophilic substitution reactions have been reported 
as well owing to the electron-rich nature of graphene. This 
has resulted in the high reactivity of graphene toward strong 
electrophiles. Substitution reactions have been successfully 
achieved via the Friedel–Crafts acylation and hydrogen–
lithium exchange methods. Friedel–Crafts acylation remains 
the only method to introduce aryl ketone groups onto the gra-
phene platform which has been successfully performed by 
Pumera and coworkers [87]. Yan and coworkers [88] high-
lighted the functionalization of a graphene carbon network 
based on initial hydrogen–lithium exchange. In the effort 
toward producing a solid basic catalyst with a triethylamine 
moiety, an electrophilic substitution method was utilized.

Chemical doping is a kind of substitutional doping. 
Substitutional doping refers to the substitution of carbon 
atoms in the honeycomb lattice of graphene by atoms with 
different numbers of valence electrons such as nitrogen and 
boron, which play the role of n-type and p-type doping in 
carbon-based materials, respectively [89]. Li and coworkers 
developed a simple chemical method to obtain bulk quanti-
ties of N-doped RGO sheets through thermal annealing of 
GO in ammonia [90]. The motivation of doping is to control 
the type and concentration of charge carriers of graphene and 
further to modulate the electronic properties of graphene [91]. 
When nitrogen atoms are incorporated into the basal plane 
of graphene, they donate electrons into graphene leading to 
n-type doping of graphene while graphene doped with boron 
would exhibit p-type behavior. Panchokarla and coworkers 
[92] synthesized boron-doped graphene using arc discharge 
of graphite electrodes in the presence of H2, He, and dibo-
rane (B2H6) and found that the B-doped graphene exhibits 

higher conductivity and the Fermi level shifts 0.65 eV below 
the Dirac point by calculations, indicating the p-type doping 
of graphene. A CVD technique was also designed to produce 
the N-doped graphene, and the electrical properties of the 
N-doped graphene were measured to be an n-type semicon-
ductor (Figure 13.8) [93].

13.2.4  modifications of Graphene 
via residuaL Groups

Graphene can be prepared through the reduction of GO and 
thus functional groups such as carboxyl, hydroxyl, and epoxy 
group might be left since the reduction is usually difficult to 
proceed completely. Recently, Boukhvalov et al. (35) and Gao 
et  al. (36) used density functional theory to investigate the 
structure of graphene after deoxygenation. Interestingly, both 
groups confirmed that it was impossible to remove completely 
the oxygen-containing functional groups from the graphene 
surface using chemical or thermal reduction, or even a com-
bination of the two. Experimentally, to the best of our knowl-
edge, the results of characterization of graphene fabricated 
from GO show the existence of the residual oxygen-containing 
functional groups on graphene. However, these unremovable 
residual functional groups would be very useful in some cases. 
Some advantages can be expected with the covalent modifica-
tion of graphene via its residual oxygen-containing functional 
groups. For example, the graphene conjugated structure will 
not be destructed during functionalization. Although using the 
abundant oxygen-containing functional groups of GO to react 
with chemical molecules, followed by subsequent chemical 
reduction, can be used to prepare FG, the degree of reduction 
may be somewhat limited. This is because the oxygen-con-
taining functional groups are not just the reactive sites, but 
also, more importantly, they are the restorable sites [94]. Ma 
and coworkers successfully grafted maleic anhydride (MA) 
treated poly (oxyalkylene)amines (POA) onto graphene sur-
face through two methods: free radical grafting and residual 
groups on RGO without damaging its structure (Figure 13.9). 
The approach described herein could improve the reinforce-
ment effect of graphene in other applications, such as in the 
preparation of functional graphene/polymer composites. Poly 
(vinyl alcohol) (PVA) has also been used to covalently func-
tionalize multilayer graphene nanosheets (MLGNs) by the 
reaction between the residual carboxyl groups on graphene 
and the hydroxyl groups of PVA chains. The modified gra-
phene demonstrated enhanced dispersion capacity in DMSO 
and hot water [95].

13.3 COVALENT MODIFICATION OF GO

As the most important graphene derivatives, GO has been 
used widely as a starting material for the synthesis and modi-
fications of processable graphene. There are different meth-
ods for the production of GO from natural graphite and the 
modified Hummers’ method is mostly applied in preparing 
GO [96,97]. The surfaces of GO sheets are highly oxygen-
ated, bearing hydroxyl, epoxide, diol, ketone, and carboxyl 



216 Graphene Science Handbook

F-graphene/MA-POA2000 D-graphene/MA-POA2000

MA-POA2000

Graphene

Direct reaction with epoxy groupsFree radial grafting

i) BPO
ii) Reflux for 8 h

Reflux for 24 h

Residual epoxy groups

HO

HO

HO

HO
NH

HN
NH

NH

NH

NH

H2N

H2N

CH3 CH3 CH3

CHCH2 (OCH2CH)n OCH2CH

H2N

H2N

NH

NH
HO

OH OH

OH

HO HO

HO

HOOCHOOC

HOOC

HOOC

HOOC
O O

O
O

O

O
O

O O

O

O O
O

O

O O

O

O

O

O
O

O

HOOC

FIGURE 13.9 Preparation of F-graphene/MA-POA2000 and D-graphene/MA-POA2000. (Reprinted with permission from Hsiao, 
M.-C. Preparation of covalently functionalized graphene using residual oxygen-containing functional groups. ACS Applied Materials and 
Interfaces 2:3092–99. Copyright 2010 American Chemical Society.)

0
0

–100

–200

–300(b)

(a) (c)

(d)

–0.2 –0.4 –0.6
Drain voltage (V)

Pristine graphene N-doped graphene
Gate voltage Gate voltage

5 V
0 V

–5 V
–10 V
–15 V

–5 V
0 V
5 V

10 V
15 V

D
ra

in
 cu

rr
en

t (
μA

)

D
ra

in
 cu

rr
en

t (
μA

)
D

ra
in

 cu
rr

en
t (

μA
)

–0.8 –1.0

K
Fn

Fn

0 0.2

0

5

10

15

20

20151050–5–10–15–20
10–4

10–3

10–2

10–1

100
Nitrogen atomCarbon atom

Gate voltage (V)

0.4 0.6
Drain voltage (V)

0.8 1.0

Vsd = –0.5 V Pristine graphene
Vsd = 0.5 V N-doped graphene
Vsd = 1.0 V N-doped graphene

FIGURE 13.8 (a) Schematic representation of the N-doped graphene. (b) Transfer characteristics of pristine graphene and N-doped gra-
phene. (c) and (d) Ids/Vds characteristics at various Vg for the pristine graphene and the N-doped graphene field effect transistor device, respec-
tively. The insets are the presumed band structures. (Reprinted with permission from Wei, D. Synthesis of N-doped graphene by chemical 
vapor deposition and its electrical properties. Nano Lett 9:1752–58. Copyright 2009 American Chemical Society.)



217Chemical Modifications of Graphene via Covalent Bonding

functional groups that can alter the van der Waals interac-
tions significantly and lead to a range of solubility in water 
and organic solvents. It was revealed that carboxylic acid 
exists mostly at their edges (according to the widely accepted 
Lerf–Klinowski model), and epoxy and hydroxyl groups on 
the basal planes, which renders it a good candidate for use 
in various applications through chemical functionalization. 
Chemical modification of GO has been a promising route to 
achieve mass production of chemically modified graphene 
platelets.

A wide range of modifications utilizing carboxylic acids 
and hydroxyl has been applied to GO through esterification 
reaction of GO by DCC chemistry or the acylation reaction 
between the carboxyl acid groups of GO and ROH alkylamine 
[98–102]. Reactions through the epoxy group of GO are also 
used to covalently modify GO. Nucleophilic ring-opening 
reaction can occur between epoxy groups of GO and the 
amine groups of an amine-terminated organic molecule [103]. 
The surface of GO can be modified in situ with octadecylam-
ine (ODA) in dichlorobenzene using the same reaction to give 
ODA–GO nanosheets, which could well disperse in organic 
solvents [104]. Another extension of this concept involves the 
stabilization of GO nanosheets by amine-terminated ionic 
liquids (ILs). The resultant IL-FG composite nanosheets 
could be dispersed well in water, N,N-dimethylformamide 
(DMF), and dimethyl sulfoxide (DMSO) due to the enhanced 
solubility and electrostatic inter-sheet repulsion provided by 
the ionic liquid units [105].

13.4  APPLICATIONS OF COVALENT 
FUNCTIONALIZED GRAPHENE

13.4.1 eLectronic and optic devices

There has been much interest in FG because tunable elec-
trical properties of graphene are attainable by various func-
tionalization methods. Chemically modified graphene has 
been widely used in electronic and optic device, such as in 
solar cells, capacitors, and field effect transistors [106,107]. 
Liu and coworkers prepared a functionalized organic-soluble 
graphene, which is then blended with poly (3-hexylthiophene) 
(P3HT) [106]. The as-prepared composite was used as the 
active layer in bulk heterojunction (BHJ) polymer photovol-
taic cells. The FG can be well dispersed in P3HT to form a 
donor/acceptor structure with 10 wt% doping. Adding FG into 
P3HT induces great quenching of the photoluminescence of 
the P3HT, indicating strong electron/energy transfer from the 
P3HT to the graphene. The interaction between the graphene 
and the P3HT makes this composite work well as the active 
layer in the BHJ photovoltaic devices.

Graphene was also explored as a supercapacitor electrode 
material by Wang and coworkers [108]. They fabricated 
supercapacitors using RGO materials and found that the RGO 
prepared using the gas-based hydrazine reduction at room 
temperature gave remarkable results with specific capacitance 
of 205 F/g, energy density of 28.5 Wh/kg, and power density 
of 10 kW/kg. However, graphene-based field effect transistors 

cannot be turned off effectively due to the absence of a band-
gap in pristine graphene. Therefore, the problems associated 
with the bandgap of pristine graphene should be solved before 
using the material as a transistor. FG nanocomposites can 
be used in supercapacitors to solve this problem [109,110]. 
Dong and coworkers fabricated graphene field effect tran-
sistors with mechanically exfoliated single-layer graphene 
(SLG) and bilayer graphene (BLG) sheets and then modified 
with bromophenyl groups through diazonium reaction. The 
tested results indicated that chemical modification is a simple 
approach to tailor the electrical properties of graphene sheets 
with different numbers of layers [111].

13.4.2 poLymer nanocomposites

Graphene is one of the strongest materials ever measured 
and the breaking strength and Young’s modulus of graphene 
reaches 42 N m−1 and 1 TPa, respectively. However, the 
strength of graphene/polymer composites is mainly depen-
dent on the interaction between graphene and polymer chains 
rather than that of graphene itself. Therefore, it is believed that 
the FG can do a better job than pristine graphene to mechani-
cally reinforce composites. The strong interaction between 
the FG and polymeric matrices could result from (1) the wrin-
kled surface of extremely thin graphene sheets that is capable 
of mechanically interlocking with polymer chains and (2) the 
hydrogen bonding formed between the oxygen functional-
ities of the FG and polymeric matrices. The formation of the 
chemical bonding with the FG is a more effective approach 
to engineer a strong interface for some polymers with par-
ticular functionalities. Cai and coworkers used this strategy to 
achieve highly stiff PU nanocomposites. The chemical links 
between the FG and a PU matrix occurred due to the reaction 
of hydroxyl and carboxyl groups with the isocyanate group on 
the end of PU chains. Young’s modulus of the PU has been 
improved by nearly nine times with the addition of 4.4 wt% 
FG, which indicated the high efficiency of stress transfer 
across the chemical interface [112].

Hydrogen bonding plays an important role in the polymer/
graphene composite materials. Layek and coworkers studied 
the physical properties of sulfonated graphene/poly(vinyl 
alcohol) (PVA/SG) composites, and found that PVA/SG com-
posite exhibits different morphology at different composi-
tions of the hybrids (SG1, SG3 SG5) due to supramolecular 
organization. The highest increase of stress (177%), strain at 
break (45%), and toughness (235%) over PVA is observed in 
the dendritic SG3. Young’s modulus increases progressively 
with increasing SG concentration in the composites showing 
the highest increase (180%) over PVA for the SG5 system. The 
storage modulus of SG3 shows the highest (1005%) increase 
over PVA at 30°C. Moreover an increase of 10 orders of mag-
nitude of dc conductivity over PVA and 10-fold increase in 
dc conductivity in the dendritic SG3 than any other morphol-
ogy are achieved [33]. Diazonium salt-FG can also be used 
to enhance the mechanical property of PVA, and an 181% 
improvement in tensile strength has been achieved with 
2.0 wt.% of FG by Yu and coworkers [113].
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13.4.3 BiomateriaLs

FG can be used as biomaterials, such as biosensors [114,115], 
tissue engineering [116], and drug- and gene-delivery sys-
tem [117]. The advancement of the FG provides a fascinat-
ing opportunity for development of biotechnology because of 
their structures, components, and properties. In comparison 
with its allotropes, CNT, graphene exhibits some merits such 
as low cost, two external surfaces, facile fabrication and mod-
ification, and absence of toxic metal particles. FG can be used 
in drug- and gene-delivery systems. Wei and coworkers [118] 
designed a drug-delivery system using functionalized RGO 
with p-aminobenzoic acid through diazonium salt reaction 
followed by covalent binding of water-soluble PEI for excellent 
water solubility and folic acid (FA) molecules to specifically 
target CBRH7919 cancer cells. The drug-delivery system had 
higher loading, and the loading ratio of elsinochrome A and 
doxorubicin reached 45.56% and 28.62%, respectively.

13.4.4 other appLications

FG can also be used in gas sensors and memory devices. Yuan 
and coworkers designed a simple chemo-resistor-type NO2 
sensor based on chemically modified graphene nanosheets 
(CMGs) with high sensitivity, selectivity, and reversibility. 
These sensors exhibit 16.4 and 4.3 times stronger responses 
compared with conventional RGO-based sensors and can spon-
taneously recover their initial states by flowing N2 gas, without 
UV/IR light illumination or thermal assistance [119]. Cui and 
coworkers prepared a nonvolatile memory device using gold 
nanoparticles (AuNPs) and RGO. AuNPs were chemically 
bound to the RGO channel through a π-conjugated molecu-
lar linker, 4-mercapto-benzenediazonium tetrafluoroborate 
(MBDT) salt, which was newly synthesized and used as a 
molecular bridge to connect the AuNPs and RGO [120].

13.5 CONCLUSIONS AND PERSPECTIVES

In this chapter, we summarize the chemical covalent func-
tionalization methods of graphene. Covalent modifications 
disrupt the extended conjugation of π-electrons in graphene, 
resulting in bandgap opening and change in conductivity. 
Functional groups can also be introduced onto graphene 
to manipulate its chemical properties or allow further con-
jugation of additional molecules and materials. Covalent 
modification further improves the solubility and process-
ability of graphene materials. However, there are still sev-
eral challenges for the covalent modifications of graphene. 
The reactivity and regioselectivity of the basal plane versus 
the under-coordinated edges, the zigzag versus armchair 
configuration are fundamental questions that warrant com-
prehensive studies. The high reactivity of the reactive inter-
mediates makes it difficult to control the reaction kinetics. 
Side reactions often occur, making it challenging to control 
the composition of the surface coating and grafting density. 
For instance, radicals can combine or react with species other 
than the substrate. Nitrenes and carbenes often react with 

solvents or among themselves. Thus, it is equally important 
to improve current methods to increase the ease of function-
alization as well as discover further applications of FG.
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14 Functionalization and Vacancy Effects 
on Hydrogen Binding in Graphene

A. Tapia, C. Cab, and G. Canto

ABSTRACT

Graphene is a form of carbon with an hexagonal structure 
and one atom thickness. Geometrically, if graphene is bent, 
it could be considered as a base structure for constructing 
other important carbon nanomaterials, such as nanotubes and 
fullerenes. Following the isolation and extraction of graphene 
in 2004, the study of the electronic properties of graphene has 
intensified and researchers have proposed modifications and 
new experimental arrangements. The nature of the modifica-
tions can be structural or chemical, such as the presence of 
vacancies and doping with atoms and molecules. This chapter 
discusses how the defects and alkaline functionalization on 
graphene can modulate its physical and chemical properties.

14.1 INTRODUCTION

Many studies have focused on scientific and technological 
development of carbon nanomaterials owing to its pecu-
liarities. Carbon can form nanotubes and fullerenes, which 
are allotropes in one and zero dimensions, respectively. 
Furthermore for some years, two-dimensional (2D) car-
bon nanomaterial as graphene (a monolayer of graphite) has 
received wide attention, due to its remarkable electrical and 
structural properties [1]. The technological trend is toward the 
use of materials with nanoscale dimensions. Materials with 

this scale are projected to the development of new technology. 
Studies show that structural and electronic characteristics for 
this material would have revolutionary technological applica-
tions, since it is the thinnest material known and the stron-
gest so far measured, and their charge carriers exhibit giant 
intrinsic mobility as they have a mass effective zero, allowing 
several micrometers travel without dispersion at room tem-
perature [1]. Following isolation or extraction in 2004 [2], 
study of chemical modifications or defects for new electronic 
properties has intensified in recent years.

14.1.1 structuraL properties

Graphene is a 2D form of carbon, presenting an hexagonal 
structure with one atom of thickness (see Figure 14.1), geo-
metrically, if graphene is bended it could be considered as a 
base structure for constructing other important carbon nano-
materials like nanotubes and fullerenes.

The graphene structure is considered to be formed by the 
superposition of two triangular networks named A and B (see 
Figure 14.1). The hexagonal shape of the lattice is directly 
related to the sp2 hybridization of carbon atoms and the unit 
cell contains two carbon atoms. Two lattice vectors (a1, a2) 
generate the hexagonal structure and the bond length between 
adjacent carbon atoms is close to 1.42 Å [2]. Such honeycomb 
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structure provides graphene its known remarkable mechanical 
properties like the Young’s modulus of 1 TPa and the intrinsic 
strength of graphene sheet (free of defects) of 42 N/m [3].

14.1.2 eLectronic properties

Carbon is a nonmetallic element and a poor conductor of 
electricity, but graphene being an allotrope of carbon pres-
ents properties as a variable-gap semiconductor or semimetal 
with very small overlap [2]. Besides, the concentration of the 
charge conductors, electrons and holes, can be modulated by 
an external electric field to values of 1013 cm−2, and mobili-
ties reach values of 15,000 cm2/V s even under environmental 
conditions [2]. In the Brillouin zone for graphene, the Fermi 
level lies at the crossing point between the cone-like disper-
sions [4]. Due to functional energy form, the electrons can 
move at extremely high speeds as relativistic particles behave 
practically like they have no mass and the average electron 
mobility at room temperature may become higher than in sili-
con transistors [2].

14.1.3 synthesis

Micromechanic exfoliation was one of the first techniques uti-
lized to obtain mono and multilayered graphene [2], however 
this technique is expensive and is reserved for high- quality 
samples for research, and not for producing large amounts 
of this nanomaterial. With techniques like the SiC thermal 
decomposition and chemical vapor deposition (CVD) it is pos-
sible to get a very small amount of graphene and, therefore, 
are not feasible for large-scale applications. Actually, there are 
probably a dozen methods being used and developed to pre-
pare graphene of various dimensions, shapes, and quality [5].

Applications of graphene as flexible electronics, high- 
frequency transistors, and photodetectors, demand specific 
properties and these methods will evolve in the future to ful-
fill the requirements. Some scalable methods for mass produc-
tion are liquid-phase exfoliation of graphite and exfoliation of 
graphite oxide [5]. Solvent techniques use a liquid phase to 
obtain the monolayer and multilayer of a few micrometers of 
graphene flakes. In general, graphene is obtained as a mixture 

of multilayer flakes for applications such as sensors, transpar-
ent electrodes, and conductive composites [6].

14.1.4 modified Graphene

A few years ago, graphene was considered only as a very 
interesting theoretical system. Studies showed that because 
of their structural and electronic characteristics, this mate-
rial would have revolutionary technological applications [1]. 
From isolation of this material, the research around their out-
standing properties has intensified in recent years. But current 
researches are aimed at obtaining new behaviors and under-
standing graphene properties, to achieve control and enforce-
ment of the same. For this reason, graphene researchers 
propose modifications and new experimental arrangements. 
The modifications can have a structural nature, limiting the 
size of the graphene sheets by cutting with various geometries. 
An example of such arrangements is called graphene ribbons 
or flakes (flakes, ribbons). Other common modifications are 
the presence of one or more vacancies in the material by loss 
of carbon atoms and doping with carbon species and related 
chemicals by atoms and molecules as adsorbates (adatoms). 
Experimental studies of the adsorption of gases such as CO, 
NH3, and NO2 at very low concentrations were performed, 
which reported that only a few molecules are adsorbed, but 
generate a measurable modification in the electrical resistivity 
[7]. In general, the modification of the graphene properties by 
adsorbates and incorporation of defects, generate a vast sea of 
possibilities that can lead to the discovery of new manufactur-
ing processes and devices applications.

14.2 HYDROGEN ADSORPTION ON GRAPHENE

There are two strong motivations for studying the adsorption 
of hydrogen on graphene: The first is environmental condi-
tions related to the energy consumption of humanity. The 
study of hydrogen production processes and materials capable 
of storing this volatile element, have become topics of great 
importance from the point of view of basic science and tech-
nology, since hydrogen as fuel has very attractive properties 
like clean combustion and renewability despite that it is not 
found free in nature. The second motivation is focused on the 
electronic area, where the manufacturing process is geared 
toward smaller devices that consume less energy and could 
work at higher frequencies.

The atomic hydrogen adsorption on graphene was predicted 
in 2007 [8] and 2 years later, it was observed experimentally 
that hydrogen adsorption is favorable and stable under normal 
physical conditions [9], so it may even be considered graphene 
as an hydrogen storage system.

Studies have also been performed on the storage of hydro-
gen in carbon-based materials such as nanotubes, nanofibers, 
and intercalated graphite compounds [10–13]. In these sys-
tems, the binding energy is much weaker and the molecules 
are not dissociated.

Hydrogen adsorption on graphene can be classified into two 
types. The first is the chemical adsorption or chemisorption 
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FIGURE 14.1  (a) The hexagonal structure of graphene formed by 
two overlapping triangular networks (A, B) and network vectors a1 
and a2. (b) The lattice in reciprocal space with high symmetry points 
(K or K′) and reciprocal vectors b1 and b2.
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that consists in bonding forces depending on the system-spe-
cific chemical that may require an activation energy (atomic 
hydrogen adsorption). The second type is the physical adsorp-
tion or physisorption and depends on the van der Waals (vdW) 
forces between the adsorbent and the adsorbate (molecular 
hydrogen adsorption).

Hydrogenation of graphene usually requires high-energy 
conditions, which are achieved at high temperature [14,15]. As 
a result of the adsorption of hydrogen, the electronic properties 
of graphene may have a forbidden energy gap whose value var-
ies depending on the hydrogen concentrations [16]. When both 
sides of graphene are hydrogenated a composite called graphane 
is obtained [9] and if the hydrogenation comprises a single face, 
the graphone is achieved [17]. The results of recent research in 
hydrogenated graphene, induce a new era in which electronics 
would be based on graphene, replacing silicon [18,19].

14.2.1 hydroGen chemisorptions on Graphene

The early experimental works of atomic hydrogen adsorption 
were on a graphite surface [20,21], here the adsorption and 
formation mechanisms of the hydrogen molecules and clus-
ters were studied. Also, graphite surfaces were considered in 
the first theoretical studies of atomic hydrogen chemisorption, 
where the barrier adsorption and adsorption energy of 0.2 and 
0.57 eV were predicted, respectively [22,23].

By means of density functional theory (DFT) and using the 
generalized gradient approximation (GGA) for the exchange 
and correlation functional, Ivanovskaya and coworkers [24] 
calculated the chemisorption reaction path for an hydrogen 
atom on graphene; in its work, they demonstrated the sensitiv-
ity of the formation energy and structural characteristics upon 
the hydrogenation coverage. In the limit of a single hydrogen 

atom interacting with graphene, a chemisorption barrier of 
0.2 eV and desorption barrier of 1.17 eV, were predicted [24].

Also, other theoretical studies that have been conducted 
on the subject using ab initio calculations reported that the 
physical properties of graphene are modified considerably 
when atomic hydrogen atoms are adsorbed over carbon atoms 
[8,16,20–23]. The adsorption of atomic hydrogen modifies 
the electronic and structural geometry of graphene around 
the carbons in which the hydrogen atoms bond, and hence an 
hybridization transition from the sp2 to the sp3, is obtained, 
which leads to a strong reconstruction in the graphene sheet 
[16,20,25]. Figure 14.2 shows the structural distortion of the 
carbon atoms in the graphene plane as a results of the adsorp-
tion of atomic hydrogen.

The adsorption of atomic hydrogen introduces a bandgap 
in the electronic states of graphene and an increase in the 
amount of hydrogen adsorbed at random positions increases 
the width of the bandgap in graphene [27]. Photoemission 
intensity experiments have confirmed the transition to a state 
of insulation in the graphene due to the atomic hydrogen 
adsorption [28].

The chemisorption of one hydrogen atom in a sublattice of 
graphene induces a localized magnetic moment. Due to the 
hybridization transformation in the adsorbent atom from sp2 to 
sp3, it leaves an unpaired electron belonging to π bond, which 
remains in the neighboring carbon atoms (other sublattice of 
graphene) and induces a magnetic moment (1 μB) [16,29].

Hydrogen chemisorption on graphene produces an elec-
tronic imbalance that makes one of the p orbitals to be no 
longer available for taking part in the π bands system. Also, 
there is a gap due to the absence of the π band, so that the gra-
phene is transformed into a semiconductor system as shown 
in Figure 14.3. There is one midgap state for each spin species 
and the degeneracy is lifted [29].

Hydrogen could not be found freely under environmental 
condition, however the chemisorption of hydrogen dimers 
on graphene has been studied theoretically from the molec-
ular physisorption process and there are similar studies 
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considering graphite surfaces [18,21,30–35]. The stability of 
small groups of adsorbed hydrogen on graphene is critical to 
clearly understand the hydrogen saturation process; and so, 
dimers, trimers, and other clusters of atomic hydrogen have 
also been studied [35]. Experimentally, it is found that the for-
mation of clusters of hydrogen atoms on graphite surface is 
favored [21].

The positions of hydrogen dimers over graphene were 
named ortho, meta, and para according to the chemisorption 
configuration of each pair of hydrogen atoms and such con-
figurations are shown in Figure 14.4.

Theoretically, once the first hydrogen atom is adsorbed, 
the adsorption of second atom is more favorable, showing an 
energetic sensitivity on the position of second hydrogen atom 
(ortho > para > meta) [33–35]. Table 14.1 summarizes some 
results of the adsorption energy of hydrogen dimers studied 
with DFT methodology for different carbon arrangements.

Total magnetic moment of dimers in ortho, meta, and 
para configuration depends on the adsorption sites that could 
belong to one or other of the subnets, for example, in ortho 
and para configurations both hydrogen atoms are adsorbed 
in sites of different subnets (see Figure 14.1a) and the total 
magnetic moment is 0 μB, while in meta configuration the 
magnetic moment is 2 μB, since hydrogen atoms are adsorbed 
in the same subnet [16,33].

Theoretical studies of hydrogen-coated graphene reported 
that at different hydrogen concentrations some domains 
adsorptions are formed; which can create and modulate the 
electronic gap. However, for higher concentrations of hydro-
gen the composite material presents a semiconductor character 
[28,36]. Also, the full hydrogenation from both sides of gra-
phene (graphane) was studied theoretically [8]. According to 

the positions of adsorption of hydrogen atoms, two configura-
tions of coating or adsorption (“chair” and “boat”) proved to be 
energetically favorable, showing forbidden energy gaps of 3.5 
and 3.7 eV, respectively [8]. The first experimental evidence 
for the existence of graphane were obtained by Elias et al. [9].

14.2.2 hydroGen physisorption on Graphene

Physisorption happens with hydrogen in molecular form 
(H2) is dependent on vdW interactions; the binding energy is 
small, so the hydrogen molecule can be easily desorbed. The 
H2 binding energy was theoretically evaluated in the range 
of 0.01–0.07 eV for pristine graphene [26,37,38]. The bind-
ing energy of H2 on graphene is very weak and requires low 
temperatures and high pressures to ensure reasonable storage 
stability, however, empirical arguments suggest that under 
these physical conditions a uniform monolayer of H2 can be 
formed on the nanotube surface, corresponding to a gravimet-
ric density of 3.3 wt% (weight percentage of hydrogen stored 
to the total weight of the system) [39,40]. Experimentally, a 
value of 3 wt% was obtained for multilayer graphene samples 
obtained by exfoliation of graphite oxide [41].

For the physisorption phenomena, the binding energy and 
equilibrium distance are among the most important param-
eters in order to predict the more favored configuration for 
hydrogen adsorption. Mirnezhad and colleagues [42] studied 
the physisorption of H2 on graphene by means of DFT with 
both, GGA and local density approximation (LDA) function-
als. In their work, they considered the positions that are shown 
in Figure 14.5, where the points A, B, and C, correspond to 
the molecule with the axis perpendicular to the surface of gra-
phene, while the molecular positions denoted as D, E, F, and 
G have the axis parallel to the plane of graphene. From their 
results with LDA functional, the positions D and E presented 
lower adsorption energies with 85.2 and 85 meV, respectively, 
both with an equilibrium distance of 2.7 Å, while for GGA 
functional, the adsorption energies of 14.3 and 14.4 meV have 
been predicted with a distance of 3.5 Å for the same adsorp-
tion positions (D and E) on graphene [42]. Similar results 
were obtained in other theoretical studies [43,44]. Although 
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FIGURE 14.5  Adsorption sites for a hydrogen molecule on graphene.

TABLE 14.1
Adsorption Energies for Atomic Hydrogen Dimers 
on Carbon Nanomaterials

Reference Carbon System ortho (eV) Para (eV) Meta (eV)

[35] Graphene 2.73 2.68 1.58

[34] Graphite surface 2.75 2.72 1.65

[33] Circum pyrene 
(C42H16)

2.11 2.1 1.07
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there have not been experimental reports about the adsorp-
tion energies of H2 on graphene yet, some studies have been 
determined that the adsorption energy of H2 on graphite is 
41.6 meV [45] and 35.55 meV [46], with separation distances 
of 2.87 and 3.27 Å, respectively.

Due to the low interactions between hydrogen molecules 
and graphene, the structural properties of graphene remain 
unchanged under the effect of the physical adsorption [42]. 
Similarly, the electronic properties remain without substantial 
change.

14.3 DEFECTS IN GRAPHENE

Defects in bulk crystals have been studied extensively for 
many decades, however crystals in two dimensions have been 
considered only recently, when single layers of graphene were 
isolated for the first time by mechanical exfoliation [2]. The 
ground state of pure carbon systems is formed by the strong 
sp2-bonding network at the conjugated lattice of the graphene, 
however it is not perfect and it could have many possible topo-
logical defects in the layer. The graphene properties in a par-
ticular grade depend greatly on the material quality, type of 
defects, substrate, and so forth, which are strongly affected by 
the production method [5]. There are several types of defects 
in graphene and can be generated by the production method 
or be deliberately introduced [47]. It is not necessary a high 
energy to form them and can exist in equilibrium inside of 
graphene [48].

The physical and chemical properties of graphene samples 
with high perfection level in the atomic lattice are outstand-
ing, but structural defects, which may appear during growth 
or processing, deteriorate the performance of graphene-based 
devices. Therefore, to achieve nanodevices made with this 
material, the control of its defects is very important to develop 
future technology, for example, one carbon atom itself does 

not own magnetic moment; however, the defects in the graph-
eme sheet could induce a magnetism that could be applied in 
spintronics [49–52]. Therefore, these defects can have a strong 
influence on the electronic, optical, thermal, and mechanical 
properties, which could generate a vast variety in those physi-
cal and chemical properties, defining this nanomaterial as a 
very promising and important material for the technology 
development [47].

14.3.1 mono-vacancy defects in Graphene

The mono-vacancy (MV) in graphene is considered as a typi-
cal defect and is formed by a missing lattice atom. This loss 
of periodical symmetry induces in the graphene a Jahn–Teller 
distortion that leads to the saturation of two of the three dan-
gling bonds toward the missing atom and promotes the out-of-
plane displacement of the dangling bond atom by elastic effect 
mediated by the lattice, as a consequence of the electronic 
repulsions between the paired electrons in the new bond and 
the atom opposite with its dangling bond. When the MV is 
generated, and the structural reconstructions are allowed, the 
graphene lose its D3h symmetry and gets a new Cs symme-
try [53]. Theoretical researches with the use of first-principles 
calculations predict that the energy of the Cs configuration is 
~0.2 eV, which is lower than the nonreconstructed one [53,54].

The atomic structure and diffusion of vacancy defects in 
graphene have been theoretically investigated by means of 
different methodologies and approaches [54–58], revealing 
that a pentagonal and an enneahedral ring of carbon atoms are 
formed at a single vacancy defect [54,56–58]. This structural 
arrangement has been reported in some experimental stud-
ies, which provide evidence of MV in graphene by means of 
images with atomic resolution, obtained with a transmission 
electron microscopy (TEM) [48,59–63] and scanning tunnel-
ing microscopy (STM) [52,64], see Figure 14.6.

(a) (b)

FIGURE 14.6 (a) Elementary MV in graphene observed under electron irradiation by TEM. Atomic bonds are superimposed on the defec-
tive areas in the bottom row. (Reprinted with permission from J. Kotakoski A. V. Krasheninnikov U. Kaiser et al., Phys. Rev. Lett., 106, 
105505, Copyright 2011 by the American Physical Society.) (b) Structure of a MV in graphene representing inside of a circle the dangling 
bond atom.
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14.3.1.1 Properties of Graphene with MVs
In order to understand the defect role and their respective 
concentrations in the physical and chemical properties of 
graphene, several theoretical studies with different method-
ologies have been performed, proposing answers about the 
questions. Some of them are focused on the mechanical prop-
erties, reporting that Young’s modulus is reduced with a linear 
dependence to the MV concentrations in graphene [65–67]. 
In one of these studies, also was discussed that the thermal 
conductivity in graphene is much more sensitive and relies 
dramatically on the MV concentrations [65].

The strain induced in the graphene around of MV defect 
was studied by means of the DFT, with interesting results 
that show that strain fields reach far into the unperturbed 
hexagonal network. Due to the presence of MV in the gra-
phene, the bonds in the same direction of the new bond 
that formed the pentagon, get length increments, while the 
remaining bonds surrounding the vacancy exhibit a length 
decrement [68]. These structural changes produce two sepa-
rate strain fields around a single vacancy [69]. The first field 
corresponds to the region where the bonds are shortened due 
to a new bond at the pentagon. The second field, that is ori-
ented perpendicular to the first one, corresponds to the region 
where the bonds are stretched. As a result of the interactions 
between strain fields of MVs in graphene, a partial compen-
sation of the strain (and thus gain in energy when strain fields 
with opposite signs overlap) results in attraction between the 
vacancies, while the overlap of the fields of the same sign 
gives rise to repulsion [69].

Concentrations of vacancies change the structural proper-
ties of graphene, and the electronic and magnetic properties 
are not exempt from the influence of these defects [70–72]. 
Structural defects, in general, give rise to localized electronic 
states, generate a net magnetic moment, produce flat bands 
associated with defects and an increase in the density of states 
(DOS) at the Fermi level, and eventually a development of 
magnetic ordering [73].

A calculation of the DOS with the use of DFT under relaxed 
graphene with defects in different configurations, reveals that 
the MV defect in graphene induces a transition from semi-
metal to metal in the electronic properties, regardless of 
considerations of the structural reconstruction [53,70–72,74]. 
However, the final symmetry can influence on the DOS at the 
Fermi level increasing or decreasing its value [53]. The incre-
ments of vacancy concentrations in graphene do not vanish 
the electronic states at the Fermi level and increase its mag-
nitude at the Fermi level and near it for concentrations below 
10% [70,75]. De Laissardière and Mayou [75] presents the 
DOS as function of MV concentration in graphene, calculated 
by means of tight-binding (TB) scheme that can reproduce the 
ab initio calculations, the authors with this TB methodology 
predict that for large MV concentrations (>30%), the DOS at 
the Fermi level start to diminish, and could reach a zero value 
when the MV concentrations are larger than 50% [75].

In another theoretical study with DFT methodology and 
considering vdW interaction, a metallic character in graphene 

was found, induced by the MV presence, with a peak in the 
DOS near to Fermi level [72], similar to that predicted by De 
Laissardière and Mayou [75], which according to its predic-
tions the π states are the most contributing.

The MV induced an appearing of states in the vicinity of 
the Fermi level, whose distribution will determine the mate-
rial’s magnetism with a strong dependence on the local bonding 
environment [71,76]. Vacancies are arguably considered the pri-
mary source of magnetic moments and can induce an extended 
π magnetic moments in graphene, which present long-range 
interactions and are capable of magnetic ordering [72], however, 
the synthesis of graphene with magnetic properties creates the 
possibility of being applied in the development of spintronic 
devices, due to its characteristics as small spin–orbit coupling, 
long-spin scattering length, and ballistic transport [77,78].

Yu and collaborators [79] proposed a generic geometric 
rule for graphene, which predicts that any two zigzag edges 
will be ferromagnetic-coupled if they are at an angle of 0° 
or 120° and antiferromagnetic-coupled for angles of 60° or 
180°. According to this unified rule, a magnetic state in the 
graphene with MV is expected, however the concentrations 
and arrangements of MVs in graphene can decrease or even 
suppress this magnetic state [51,78–82].

Using DFT with the GGA, Yazyev and Helm [51] have cal-
culated magnetic moments with values around 1.15–1.53 μB 
per vacancy, with a dependence of MV concentrations, while 
Palacios and Ynduráin [72], using the same methodology and 
considering vdW interactions describe the total magnetic 
moment behavior as a function of supercell size (see Figure 
14.7). From Figure 14.7 we can see a tendency of the magnetic 
moment to move toward 1 μB (lower limit imposed by the 
unpaired electron of the σ dangling bond) when the supercell 
size increases, resulting in a magnetic moment for an isolated 
vacancy.

Some theoretical studies also analyzed the effects of sub-
lattice configuration of MV in graphene and predicted that 
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only when these defects are located in the same hexagonal 
sublattice on graphene, can ferromagnetism be produced 
originating from a coupling between the magnetic moments 
[51,80]. For many MV defects, the sublattice configuration 
has an important role, when the MV number on one sublattice 
is different from that on the other sublattice, local magnetic 
moments are induced, even when they are equal, it is still pos-
sible that local moments could be induced [81].

From a DFT study using spin-polarized to analyze the 
magnetism in graphene induced by MV presence, Singh and 
Kroll [83] found that the MV defects break the symmetry in 
the π-electron system of carbon atoms in graphene and gives 
rise to the magnetic quasilocalized states in the graphene. 
When a C atom is missing, one dangling bond persists and 
induces magnetism, due to the appearance of unpaired π elec-
trons of C, which play a dominant role in the magnetization 
of the graphene. Here the peripheral carbon atoms far from 
MV defects do not have obvious spin polarization, reaffirm-
ing that only atoms containing unpaired electrons have sig-
nificant magnetization [76].

Table 14.2 presents the values calculated for the energy 
of vacancy formation (Ef), magnetic moment (B), new bond 
length (dnb) in the MV, and the out-of-plane displacement 
of the dangling bond atom (dzdb). In the current literature, 
only the experimental value for the energy of vacancy for-
mation was measured and reported, however here the theo-
retical predictions are presented and compared considering 
differences in the atoms number and approach level in the 
methodology.

14.4  HYDROGEN ADSORPTION ON 
GRAPHENE WITH MVs

The existence of hydrogen may take an important role in the 
properties of graphene with MV and its effect cannot be com-
pletely ruled out due to the various experimental issues [82]. 
Hydrogen atoms can easily adsorb on vacancy dangling bonds 
when the defects appear in graphite samples during He and 
H ions irradiation [73]. The MV presence can enhance the 
binding of atomic and molecular hydrogen in graphene due 
to its reactivity changes, which may be achieved by disturb-
ing the charge distribution or changing the local electronic 
structure [38], so makes possible to attach metal atoms much 
more firmly than to pristine graphene and supplies a tool for 
tailoring the electronic structure of graphene [68].

When an hydrogen atom encounters an empty vacancy in 
graphene, then it saturates the dangling bond and is pinned 
at a height of 1.25 Å above the plane, providing a moment 
of 2.3 μB, with an adsorption energy of 5.66 eV. If a second 
hydrogen is present on the MV, then this atom will bond to 
other side of vacancy with an adsorption energy of 3.2 eV and 
a distance of 0.76 Å below the plane, causing in the first H 
atom a displacement of 0.89 Å above the plane, decreasing the 
magnetic moment of the system to 1.2 μB, located on the dan-
gling bond that remains. Addition of a third H atom completes 
the decoration of the vacancy edges, saturates the remaining 
dangling bond, and depending on the vacancy arrangements 
can destroy the magnetism of the vacancy [73] or only the 
metallic character keeping the magnetism [72].

TABLE 14.2
Values Calculated for the Energy of Vacancy Formation (ef), Magnetic Moment 
(B), New Bond Length (dnb), and the Out-of-Plane Displacement of the 
Dangling Bond Atom (dzdb) for Different Number of Carbon Atoms (n) and 
Approach Level in the Methodology (VIC)

References Arrangement (n) VIC ef (eV/atom) B (μB) dnb (Å) dzdb (Å)

[54] Sheet C120H27 LDA 7.4  2.1 0.47

[71] Supercell (32) LDA 7.83 1.08   

[71] Supercell (32) vdW 7.36 1.02 1.84  

[71] Supercell (72) vdW 7.44    

[57] Supercell (200) LDA 7.65  2.15 0.43

[53] Supercell (50) LDA   2.02 0.43

[72] Supercell (72) vdW  1.71 2.05  

[72] Supercell (450) vdW  1.39 1.93  

[83] Supercell (48) GGA 7.77 0.89 2.40  

[83] Supercell (60) GGA 7.80 0.45 2.42  

[83] Supercell (80) GGA 7.80 0.93 2.40  

[83] Supercell (100) GGA 7.80 1.14 2.40  

[50] Supercell (128) GGA 7.7 1.04 2.02 0.18

[78] Supercell (288) GGA 7.5 1.00   

[76] Supercell (72) GGA 7.655 1.33 1.95 0.184

[84] Supercell (32) LDA 8.00    

[85] Graphite experimental  7.0 ± 0.5    
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According to theoretical studies, if two dangling bonds of 
the MV are saturated by hydrogen atoms, an energy gap is 
opened, making the system become semiconducting [82,86]. 
As suggested, in their case the magnetic order may be due 
to instability in the p-electron system with respect to a long-
range polarization characterized by alternation in the spin 
direction between adjacent carbon atoms [86].

Lei and collaborators [84] described by mean of DFT with 
LDA a different picture in relation to energetic interactions 
between molecular and atomic hydrogen and the graphene 
with MVs. They report that the barrier energy for the dis-
sociation of a hydrogen molecule on a perfect graphene is 
2.38 eV, however when a vacancy is present, the height of the 
barrier is greatly decreased to 0.63 eV. When a single H atom 
is adsorbed on the carbon atoms around the vacancy, a strong 
C–H bond is formed in very stable way with a binding energy 
of 2.1 eV, doing very hard to recombine and form the molecule 
again (barrier energy is around 4 eV) [73], despite the fact 
that the binding energy of 0.17 eV for molecular physisorption 
of hydrogen on MV was reported, each MV in graphene can 
interact in a more favorable way up to two molecules (four 
hydrogen atoms), resulting in the hydrogen chemisorption on 
the carbon atoms neighboring in the vacancy [73].

14.5  HYDROGEN ADSORPTION ON 
GRAPHENE WITH ALKALI METALS

A useful system for hydrogen storage must be between ~0.20 
and ~0.40 eV in the binding energy. Unfortunately, graphene 
provides a weaker interaction, pushing to the search for com-
plexes that show a stronger interaction than clean graphene. In 
order to tackle this problem, defects such as vacancies or the 
use of adatom has been studied. However, in such systems it 
must be warned for the clustering of adatoms and its undesir-
able effect of a reduction in the storage capacity due to the 
segregation of adatoms.

Krasnov et al. [87] have shown that although indeed light 
transition metal decorated SWNT presents potential material 
for the hydrogen storage, care should be taken to avoid the 
metal clustering on support material, to achieve and maintain 
higher hydrogen capacity. In another hand, some theoreti-
cal studies have tried to gain knowledge about the intrinsic 
properties of the interactions between graphene and several 
chemical species. Two interesting studies considering both 
alkali metals and transition metals was conducted by Chan 
et al. [88] and Liu et al. [89]. They calculate structural, ener-
getic, and electronic properties and conclude similar results, 
the interaction of alkali metals with graphene can provide an 
ionic bonding with very small distortion on graphene struc-
ture and with a tendency to form 2D layers on the surface 
of graphene. The result is in agreement with experiments 
observing 2D alkali layer formation in graphite [90]. While 
for transition metals, they found a strong covalent bonding 
with distortion in graphene.

On the basis of the behavior of alkali metals on graphene, 
the next step has been to study the effect on the adsorption 
properties of hydrogen. Tapia et al. studied the influence of 

potassium on the hydrogen adsorption on graphene by means 
of DFT in order to gain knowledge about structural param-
eters, bonding and magnetic properties for H atoms interact-
ing with potassium on graphene [91]. They found a charge 
transfer from K atom toward graphene even when the H atom 
pairs are adsorbed (see Figure 14.8).

The binding energy per H atom is increased in the most 
stable arrangement. Tapia et  al. suggest that the hydrogen 
atom binding energy on graphene layer increase up to 82% 
due to the preadsorption of potassium [91].

Graphane has been previously predicted by Sofo et  al. 
[8] and synthesized by Elias et al. [9], attracting attention to 
change its thermodynamic properties in order to get the right 
kinetic to absorb/desorb hydrogen. Two branches followed are 
(i) to get systems similar to graphane with enhanced prop-
erties by means of alkali metals on graphene’s surface and 
(ii) to add alkali metals to graphane directly. In the former, 
Medeiros et al. [92] simulate a system like graphane but with 
all the hydrogen substituted by alkali metals in order to know 
the changes in electronic and structural properties between 
H-graphene (graphane), and Li, K, and Na on graphene. They 
do not support the sp2 to a sp3 transition of carbon orbitals 
claimed by Yang [93]. Medeiros suggest that carbon atoms 
relaxed stay outside of the alkali tetrahedron. They claimed 
that this difference is due to the π-acceptor character of lith-
ium that was not taken into account previously and shown 
a lower adsorption energy than in graphene. In the latter, 
Antipina et al. [94] explore graphane with chemically bonded 
alkali metals (Li, Na, and K) for a variety of concentrations 
and the effect on the binding energy, for the alkali metals and 
the dependence of binding energy of the nth hydrogen mol-
ecule on the alkali − metal + graphene complex. They found 
that 20% metal concentration is energetically favorable for Li, 
Na, and K. The binding energy for hydrogen decay with the 
number of molecules up to 0.20 eV, with four molecules per 
alkali metal (see Figure 14.9).
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This complexes provide gravimetric capacities as high 
as 12.2, 10.3, and 8.56 wt% for lithium, sodium, and potas-
sium, respectively, with binding energies around −0.20 eV. 
All of them exceed the Department of Energy (DOE) tar-
get of 5.5 wt% even in the case of three hydrogen atom per 
alkali metal atom. Also, there are efforts to simulate big-
ger complexes, an example is the study of Neek-Amal et al. 
[95]. They simulate complexes arrangements on graphene at 
50 K and found that the transition atoms considered aggre-
gate and make various size nanoclusters distributed randomly 
on graphene surface. In contrast, alkali atoms make one 
atomic layer on graphene sheets. The potassium atoms almost 
deposit regularly on the surface at low temperature providing 
an enhanced electrical conductivity [95]. In conclusion, gra-
phene doped with potassium atoms are a promising material 
in the hydrogen storage problem due to the gravimetric capac-
ity, molecular binding energy, and a well-distributed centers 
for molecular adsorption, that is, alkali atoms.

14.6 CONCLUSIONS

Graphene are among the most important materials of mod-
ern nanoscience and nanotechnology, including molecular 
electronics and chemistry, playing a remarkable role in the 
development of future technology. The energy storage and 
electronics developments are two strong motivations for 
studying the adsorption of hydrogen on graphene, however, its 
properties in a particular grade depend strongly on the mate-
rial quality. The defects and alkaline functionalization on gra-
phene can modulate its physical and chemical properties, the 
MV presence can enhance the binding of atomic and molecu-
lar hydrogen on graphene, due to the reactivity of dangling 
bonds, while preadsorbed alkali metals induce located zones 
that favored the hydrogen binding.
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15 Modifications of Electronic 
Properties of Graphene by Boron 
(B) and Nitrogen (N) Substitution

Debnarayan Jana, Palash Nath, and Dirtha Sanyal

ABSTRACT

Graphene is a zero bandgap purely two–dimensional honey-
comb-like carbon (C)-based nanomaterial. Graphene could 
be used as a next-generation nanoelectronic device once a 
finite bandgap can be introduced by proper substitution of 
other elements in graphene. A large number of theoretical 
as well as experimental studies have been carried out in the 
recent past to produce bandgap in graphene-based system, 
especially by substitutional doping in the hexagonal carbon 
network of graphene. Boron (B) and nitrogen (N) are two 
very good candidates for substitutional doping in the gra-
phene network because the atomic radii of these two ele-
ments are very close to the atomic radius of carbon. Graphene 
with B doping behaves like a p-type material whereas with 
N doping it becomes n-type material. One would expect to 
fabricate p–n junction nanodevices with co-doping of both 
B and N elements in the graphene system at suitable position 
with proper concentration. In the present chapter, it has been 
attempted to review the bandgap opening at the Dirac point 
(linear band crossing point) of graphene by substitution of B 
and N by using density functional theory. We also discuss the 
bandgap opening by application of strain. Since the optical 
properties are closely related to the band structure we hope 
these studies will shed light on the designing optoelectronic 
device based on graphene.

15.1 INTRODUCTION

Graphene is a purely two-dimensional (2D) honeycomb-like 
crystal of carbon atoms (Novoselov et al., 2004; Geim and 
Novoselov, 2007; Castro Neto et al., 2009; Loh et al., 2010; 
Choi et al., 2010; Kuila et al., 2012 ; Novoselov et al., 2012). 
Two adjacent carbon atoms of the graphene planar structure 
build up the unit cell of the crystal. Out of four valence elec-
trons of the carbon atoms, three are used for the planar C–C 
sp2 hybridized bonding. Thus, each carbon atom contains 
single pz electron. Due to the presence of this single loosely 
bound electron, graphene exhibits fascinating electronic and 
electrochemical properties. Before the discovery of graphene, 
it was believed that a 2D crystal structure is thermodynami-
cally unstable (Mermin, 1968; Landau and Lifshitz, 1980). 
In 2004, Geim discovered the first 2D crystal structure, gra-
phene, experimentally (Geim, 2009). Graphene can be con-
sidered to be the mother of other carbon allotropes, namely 
graphite (three dimensional [3D]) which is nothing but stacks 
of graphene layers. Carbon nanotubes (CNT) is the rolled 
up graphene nanosheet (one-dimensional system [1D]) and 
fullerenes (zero-dimensional system) is the spherical-shaped 
graphene sheet with certain number of pentagons in the hex-
agonal network. Studies on different properties of graphene 
nanostructures are fundamentally important to get the idea 
of other graphene-based carbon allotropes.
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After the discovery of layered graphene nanostructures, 
there have been growing intensive interest due to its fascinat-
ing electronic and physical properties (Katsnelson, 2007; Kuila 
et al., 2012). The unbound pz electrons of the graphene system 
behave effectively like massless Dirac fermions (Katsnelson, 
2007; Ando, 2009, Casolo et al. 2011,  Das-Sarma et al., 2011). 
The energy momentum dispersion relation exhibit linear 
relationship and band crossing is present at the Fermi level. 
Dirac cone is observed at the Fermi level of pristine planar 
graphene systems (Novoselov et al., 2005). Graphene exhibits 
ballistic transport of electrons and holes even at room tempera-
ture. Also, fractional quantum Hall effect (FQHE) has been 
observed in graphene systems (Novoselov et al., 2007). Apart 
from these, graphene can be promising material for nanoelec-
tronics in the near future. It is believed that it can even replace 
silicon-based electronic devices. There are several advantages 
in using graphene-based system. First of all, it is a 2D material 
and therefore it can be used as surface grown nanoelectronic 
device. Second, it is cost-effective to fabricate a few layers of 
graphene, graphene nanosheet, and so on. The length scale 
of graphene nanostructures can be made very small thereby 
reducing the size of the device significantly, which is one of 
the major demand as well as challenge in device industries. 
The electron mobility of graphene is very high compared with 
silicon and germanium. The electron mobility of graphene 
is ~20,000 cm2/V s (Katsnelson, 2007), which is one order 
of magnitude greater than the modern Si-based transistor. 
Graphene can be used as spin valve devices as it possesses 
negligible spin–orbit coupling. There is also opportunity to use 
it as gas sensor, due to large surface-to-volume ratio (because 
of 2D extensions) of graphene; it can also interact with foreign 
body easily. However, for the purpose of gas sensor, doped 
graphene systems are more efficient than pristine graphene.

The charge carriers in graphene behave like ultra-relativ-
istic particles with a speed of c/300 (where c is the velocity of 
light in free space) controlled by the Fermi velocity suitable 
for 2D electron systems. This particular characteristic feature 
about graphene is the key factor for various physical proper-
ties associated with graphene. Below we present some of the 
novel interesting properties in comparison with conventional 
2D semiconductors.

• Conventional semiconductors possess some finite 
nonzero bandgap while graphene has a nominal gap 
of zero.

• In a conventional semiconductor, the study of elec-
tron and hole is done with differently doped mate-
rials. However, in graphene the nature of charge 
carriers changes drastically from electron to hole 
and vice versa at the Dirac points.

• In conventional semiconductor, the Fermi level lies 
in the bandgap whether doped or undoped. But in 
graphene, the position of the Fermi level is either in 
the valence or conduction band.

• Graphene has a linear dispersion relation in con-
trast to quadratic one for normal semiconductors 

( )E = k m�2 2 /2 . Because of the linear dispersion of 
graphene around a Dirac point, it is not possible to 
define the effective mass such as done in conven-
tional semiconducting material.

• The dispersion branches in graphene interact very 
weakly with one another giving rise to chirality. 
This chiral effect is quantified by a pseudo-spin 
quantum number associated with the charge carri-
ers. This chirality can be understood from Dirac-
like Hamiltonian in terms of the Pauli matrix. This 
chirality gives rise to a distinctive behavior such as 
Klein tunneling akin to conventional semiconductor.

• The traditional 2D electron gas (2DEG) in a quantum 
well or heterostructure possess as an effective thick-
ness between 5 and 50 nm. However, in graphene 
being a single layer of thickness of carbon atoms has 
a thickness of ~0.3 nm only. Naturally, conduction 
in z direction for graphene is more compared to con-
ventional 2DEG.

• It has been observed that graphene possesses a finite 
minimum conductivity even in case of vanishing 
charge carriers. This is important from the point of 
view of field effect transistors (FET).

In Table 15.1, we show a comparison of various physical 
parameters of graphene with other conventional semiconductors.

Apart from these positive sides, the major drawback of gra-
phene system is that, it exhibits zero bandgap at the Fermi level. 
Bandgap engineering in graphene can be done in several ways 
namely (i) by applying electric field perpendiculars to bilay-
ers of graphene, (ii) hydrogenation, (iii) graphene–substrate 
interaction (hexagonal boron nitride [h-BN]), (iv) doping or 
alloying, (v) applying strains, and (v) introduction of Stone–
Wales (SW) defect. It would be nice if by alloying or doping 

TABLE 15.1
Comparisons of Graphene Electronic Properties with Respect to Other 2D 
Semiconductors

Electronic Property Si Ge GaAs
AlGaN/

GAN 2DEG Graphene

Bandgap (at 300 K) (eV) 1.1 0.67 1.43 3.3 0

Ratio of effective mass to electron’s mass 1.08 0.55 0.067 0.19 0

Electron’s mobility (at 300 K) (cm−2 V−1 S−1) 1350 3900 4600 1500–2000 (2–3)105
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some proper materials one can introduce ~1 eV bandgap at the 
Fermi level in the graphene-based system and the bandgap can 
be tunable properly. Suitable doping in the pristine graphene 
structure turns it into p-type as well as n-type material such 
that the Fermi level shifts downward to the valence band and 
upward to the conduction band as shown in Figure 15.1. To 
overcome these difficulties as well as to study the electronic 
and electrochemical properties of graphene-based systems 
different kinds of attempts have been carried out extensively 
in the last decade. Substitutional as well as interstitial posi-
tion doping of different atoms in the graphene structure yields 
different kinds of modifications of the electronic properties, 
mainly the band structure and density of states (DOS). The 
Fermi energy (EF) can vary with doping concentration. First 
principles calculations on the bandgap of graphene layer of 
h-BN indicate (Kaplan et al., 2014) that the bandgap is quite 
sensitive to the external perpendicular electric field as well 
as the separation between the graphene and the h-BN layers. 
Based on density functional theory (DFT) calculations, it has 
been found (Quhe et al., 2012) that the bandgap of single layer 
graphene (SLG) sandwiched between two h-BN single layers 
can be opened to 0.34 eV in the presence of a strong electric 
field while 0.16 eV without the application of external electric 
field. This tunable and sizeable bandgap along with structural 
integrity might render this structure a promising candidate for 
FET. First-principles calculations on the graphene supported 
on functionalized h-BN with hydrogen and fluorine atoms 
have indicated (Tang et  al., 2013) that a finite bandgap of 
79 meV can be opened due to significant charge transfer from 
graphene to substrate. This bandgap can, however, be tuned 
by changing the interlayer spacing, increasing the number of 
functionalized BN layers, and applying external electric field.

DFT calculations have predicted a bandgap up to 1.21 eV 
in fully chlorinated graphene (CCl) (Sachin and Ciraci, 2012) 
and a high mobility of 1535 cm2/V s was achieved (Zhang 
et  al., 2013). DFT study on the electronic properties of 
BN-doped graphene monolayer, bilayer, trilayer, and multi-
layer systems have been attempted and theoretical computa-
tions have indicated (Kaloni et  al., 2014) the high mobility 
of charge carriers from their effective masses. Moreover, the 
bandgaps varied from 0.02 to 2.43 eV depending on the dop-
ing concentrations. DFT-based tight binding (TB) framework 
has been used to compute the adsorption energy of various 

nucleobases in BN substituted graphene nanoribbons for mod-
eling biosensor device (Bhattacharya et al., 2013).

A first principles calculation on the bandgap of graphene/
graphitic carbon nitride (g-C3N4) bilayers has indicated (Li 
et al., 2014) that the gap can be up to 108.5 meV quite large 
enough at room temperature (kBT = 26 mev). This may be 
quite helpful for using graphene as suitable candidate for 
novel spintronic device. Recently, directly synthesized BCN 
graphene by solvo-thermal process has shown (Jung et  al., 
2014) a high potential for FET application with an optical 
bandgap of 3.3 eV. Besides, high-quality atomic layer film 
with boron, nitrogen, and carbon containing atomic layer hav-
ing full range of composition have been synthesized (Gong 
et al., 2014) at the nanometre scale to produce fabrication lay-
ered structure in 2D integrated circuits.

Electronic properties of graphene are also significantly 
modified in the presence of intrinsic as well as extrinsic disor-
der in the hexagonal network. Surface ripples and topological 
defects belong to intrinsic disorder whereas extrinsic disor-
ders can be of different form; mainly, adatoms, vacancies 
charges on the top of graphene sheet, etc. (Castro Neto et al., 
2009). One of the major topological defects is SW defect, that 
is, paired combination of pentagon and heptagon in hexagonal 
lattice. Such defects produce long-range deformation in the 
structure and give rise to electronic properties modification 
(Castro Neto et al., 2009). Edge states and ribbon width of gra-
phene nanoribbons (GNRs) also play a crucial role to deter-
mine its electronic properties. The first-principles analysis on 
the electronic and vibrational spectrum of graphene by SW 
defect shows (Shirodkar and Waghmare, 2012) the presence 
of defect bands in electronic DOS spectra and softening of G 
band while hardening of D band. Recently, a real space recur-
sion method appropriately suitable for disordered SW defects 
on graphene revealed (Chowdhury et al., 2014) the existence 
of local defect state above the Dirac point and widening of the 
defect structure with increasing disorder strength. Thus, the 
presence of defect bands or widening of defect structure in 
DOS can be appropriately used in experiment to characterize 
SW defects in graphene.

Moreover, the application of in-plane strain in planar gra-
phene structure along different directions breaks the sublat-
tice symmetry and shows a bandgap opening at the Dirac 
point; here the bandgap magnitude can be controlled with the 
strength of the strain.

In this chapter, an attempt has been taken to discuss mainly 
the effect of nitrogen (N) and boron (B) doping in the gra-
phene nanostructures. The choice of N/B as dopant has sev-
eral advantages, for example, these two atoms are the nearest 
neighbor of the C atom in the periodic table; boron is trivalent 
while nitrogen is pentavalent. The atomic radii of these two 
atoms are comparable to that of the carbon atom, therefore 
substitutional doping of B/N in the graphene does not distort 
the structure significantly. Doping of nitrogen (N) atom in the 
system can be considered as n-type doping whereas boron (B) 
atom doping can be considered as p-type doping. Both B and 
N atom doping with same concentration in the graphene sys-
tem keeps the system isoelectronic but can be considered as 

(a) (b) (c)
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EF EF
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FIGURE 15.1  Schematic picture of band diagram for (a) pristine 
graphene, (b) p-type graphene, and (c) n-type graphene. There is 
no bandgap for (a) where the Fermi energy is at the crossing point. 
However, there is small but finite nonzero bandgap for (b) and (c).
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electron–hole co-doping in the system. p–n junction devices 
can be fabricated with proper co-doping of B and N atom in 
the graphene.

15.2  BASIC METHODOLOGY

The many particle problems in quantum physics appear when 
one is interested to examine atoms, molecules, or solids as 
charged particle systems. Because of the presence of large 
number of atoms and the long-time scales, an effective theo-
retical calculation needs naturally high-speed computational 
scheme. One of the main computational schemes used in mate-
rial science is the DFT, which obviously uses density function 
rather than the wave function. It is regarded as one of the most 
successful theories of many body physics applied to electronic 
structure of matter and other related aspects of matter. In chem-
istry and physics, it is nowadays used routinely to compute the 
binding energy, bond length, and bandgap of stable materials. In 
conventional electronic structure calculation, such as Hartree–
Fock (HF) or any other theory, one uses complicated many 
particle wave function. There are 3N dimensional Schrödinger 
equation for wave function, where N being the number of par-
ticles in the system. However, DFT can be regarded as an alter-
native way (Parr and Yang, 1989; Dreizler and Gross, 1995; 
Kohn, 1999) of computing the electronic structure of N particle 
system in terms of 3D density n r( )

�
. It is interesting to note that 

density n r( )
�

 (real and positive) remains functions of only three 
variables, no matter what complex system does exist in nature. 
In this sense, DFT uses density as the basic variable for calcu-
lation of physical properties in many particle physics. Besides, 
density is very simple to deal with both conceptually as well as 
in computational framework. There are quite a few interesting 
review articles available (Capelle, 2006; Ao and Jiang, 2009) 
dealing with various aspects of DFT.

Traditional wave functional methods (either variational 
or perturbative) can be applied to smaller system with high 
accuracy. In fact, for smaller number of atoms, the wave func-
tional approach is quite successful (Kohn, 1999). However, 
for an interacting system having large number of degrees of 
freedom, one faces an exponential wall (Kohn, 1999) in the 
traditional wave method. More importantly, even if one has 
solved the problem of the wave function ψ( )

�
r  somehow, still, 

for recording that wave function in the computer, one requires 
quite a large number of bits. However, this problem can be 
overcome for the density, as the number of bits to be recorded 
is very small. Nevertheless, one has to pay in approximating 
certain quantities as discussed later. One can illustrate these 
points through a simple example (Kohn, 1999; Jana, 2008). 
One can consider a real space representation of ψ on a mesh. 
In this mesh, we assume each coordinate is discretized by 30 
mesh points. Hence, for N electrons, ignoring spin ψ is a func-
tion of 3N variables and a total of 303N values are required to 
describe it on the above mesh. In contrast, density n r( )

�
, being 

a function of three variables, requires 303 values on the same 
mesh. Therefore, for N = 10, the conventional wave function 
approach requires 3030/303 = 3027 times more storage space 
than density. Therefore, DFT represents an efficient approach 

to describe the quantum effects in the electronic structure of 
a many body system.

15.2.1 dft and many Body physics

The properties of a material are uniquely determined by 
behaviors of electrons that comprise bond strengths (Kohn, 
1999; Ao et al., 2009) of the relevant system. The central theo-
rem (Hohenberg and Kohn, 1964; Hohenberg et al., 1990) of 
DFT is due to Hohenberg–Kohn (HK). The theorem states 
that the ground state density n r0( )

�
 of a bound interacting elec-

tronic system in some external potential v r( )
�

 determines this 
potential uniquely. This statement is mathematically rigorous. 
The ground state energy functional thus can be written as
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Note that although T[n0] and Vee[n0] are universal functions 
for all the systems, the external potentials differ from sys-
tem to system. The functional F[n0] is independent of external 
potentials. If one is able to minimize the above energy func-
tional to get the ground state density n r0( )

�
, then all the physi-

cal observable quantities can be computed.
In DFT, the ground state of an interacting electron gas is 

mapped onto the ground state of a (fictitious) noninteracting 
electron gas, which experiences an effective potential. This 
potential is in contrast to other techniques such as HF that 
solves a full set of wave functions in the Schrödinger equation. 
This mapping in principle gives exact ground-state properties 
(such as the cohesive energy, lattice parameters, and phonon 
spectra). In this regard, Kohn–Sham (KS) (Kohn and Sham, 
1965) first put forward the prescription for practical DFT to 
calculate E0 from n r0( )

�
 without finding the wave function. If 

one defines the change in kinetic energy ∆T T n T ns= −[ ] [ ] 
and the change in interaction energy
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with respect to noninteracting system, then the total energy 
functional of the real physical interacting system can be 
rewritten as
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The first term (Ts[n]) is from the noninteracting kinetic 
energy of the particles while the second term is due to external 
potential. However, the third term is simply the classical elec-
trostatic interelectronic repulsion energy. The most important 
is the exchange correlation energy Exc coming from the inter-
action energy between the electrons and this part is the most 
troublesome one in DFT and needs the appropriate approxima-
tion for each particular problem in quantum mechanical sys-
tem. This Exc essentially depends on the density n r( )

�
. In most 

of the situation, the contribution of this term to the ground-
state energy compared to others is very small; however, it is 
not easy to calculate. Better and better approximation to this 
quantity will bring the better estimation of molecular prop-
erties. Besides, there exists a particular reason for rewriting 
in the above fashion; the total energy functional is expressed 
in terms of the modest number of physical quantities, which 
are directly evaluated from the density. The philosophy of this 
method is to rewrite the energy functional in terms of fictitious 
noninteracting system plus some unknown exchange correla-
tion energy functional. In fact, this prescription allows one to 
write simple KS equations (Kohn et al., 1965) of the fictitious 
noninteracting system with εi as the ith energy eigen value
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These equations will yield a typical density n r ri i( ) ( ) .
� �= ∑ Φ 2

These equations are to be solved self-consistent or iterative 
way by guessing a suitable initial density. With the initial 
guess of the density, one calculates the corresponding effec-
tive potential and then solves again the orbital wave function 
to yield a new density. This method is frequently repeatedly 

until the convergence is ensured. Hence, the minimization 
condition of DFT in terms of density n r0( )

�
 reduces to the 

minimization of the KS orbital Φi. KS equations (Kohn et al., 
1965) are exact and yield the exact density—no approxima-
tions are made here. These are single particle equations—
much easier to solve than coupled Schrödinger equations for 
large systems. But there is an unknown exchange interaction 
to be approximated. The typical flow chart of DFT calcula-
tions has been summarized in Figure 15.2.

15.2.2 dft and its various approximations

To solve numerically, the ground state density by variational 
and self-consistent ways, we have to invoke to approximation 
for exchange interaction term. These approximations, how-
ever, were originated outside the regime of DFT and basically 
reflect the physics of electronic structure. The most common 
approximations used in the literature are discussed below.

15.2.2.1 Local Density Approximations
This is the most common approximation used in DFT for the 
exchange interaction term. The functional is a simple integral 
over a function of the electron density at each point over the real 
3D space. This approximation is exact for a special case of uni-
form electronic system. The exchange term in this local density 
approximations (LDA) (Parr et al., 1989; Dreizler et al., 1995; 
Kohn, 1999; Capelle, 2006; Ao et al., 2009) can be written as
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where εex[n] is the exchange correlation energy per particle of 
a uniform electron gas having density n r( )

�
. The net exchange 
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FIGURE 15.2 Typical flow chart of DFT calculations have been summarized schematically.
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correlation energy in this approximation is underestimated 
by 7%. In LDA, the overall shape and position of highest 
occupied molecular orbital and lowest unoccupied molecular 
orbital is good, but the gap is generally underestimated by a 
factor of 2. Nevertheless, the estimation of bond length is fine. 
However, it completely fails for highly correlated systems such 
as solid nickel oxide (NiO). Although LDA has been success-
ful in dealing with many systems, however, there are newer 
and sophisticated approximations beyond this approximation.

15.2.2.2 Generalized Gradient Approximations
This approximation is based on the fact that the real systems 
are far away from uniform ones. So, naturally slow variation 
or the gradient of density has to be taken into the consider-
ation of the exchange term. In this approximation (Parr et al., 
1989; Dreizler et  al., 1995; Kohn, 1999; Capelle, 2006; Ao 
et al., 2009), the exchange and correlation energies are sepa-
rately placed to yield the exchange energy term as
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where FX[s(r)] is the factor of exchange enhancement caused 
by the generalized gradient approximations (GGA) and 
s n k nF= ∇ 
��

2  is a dimensionless density gradient parameter 
being dependent on the Fermi wave vector kF of the mate-
rial. This dimensionless parameter s basically measures the 

gradient of the density on the density itself while εx
uni n[ ] is the 

exchange energy of the uniform electron gas. The full form 
of the exchange correlation according to GGA involving both 
the density and gradient of density can be written as
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Here, the exchange energy has been renormalized to the 
scale of rs, the radius of a sphere containing one electron 
and given by ( )4 3 3 1π/ r ns = − . Different varieties and flavor 
arise in GGA due to the form of FX[s(r)] required for the 
truncation of the series of the energy as a function of density 
and gradient of the density. The typical Perdew, Burke, and 
Enzerhof (PBE) (Perdew et al., 1966) GGA scheme for [s(r)] 
is given by
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Note that the values of FX(0) indicate the exchange and cor-
relation energy of uniform electron gas as a function of rs. As 
an illustrative example, LDA predicts the ground state of iron 
(Fe) crystal as face-centered cube (FCC) while GGA gives the 
correct body-centered cube (BCC) phase. The modern DFT 
schemes involve DFT + U or DFT + GW approximation for 
better estimation of physical parameters for comparison with 
experiments. Here, U is the Hubbard type of interaction, G and 

W denote Green’s function and screened Coulomb potential, 
respectively. The GW approximation is based on an expan-
sion of exchange-correlated self-energy in terms of Green’s 
function (G) and dynamically screened electron–electron 
interaction (W). It is important to remember that GW approxi-
mation is very much dependent on the LDA results because 
LDA results serve as the starting point for the perturbation 
theory involved in the approximation. It has been noticed that 
the GW predictions are quite correct and provide naturally 
an ingenuous tool for analyzing semiconducting nanostruc-
tures. The interested reader should look into the other related 
better approximations in the literatures (Kawazoe, 2003). 
To summarize, we have noticed that although DFT theory 
is exact, it however, contains an exchange correlation term, 
which needs to be approximated in real computational calcu-
lations. Moreover, the failure of DFT lies in the wrong choice 
of local potential. With the advent of increasingly accurate 
sophisticated exchange correlation potential, the use of DFT 
in various calculations related to material science is increas-
ing day by day due to development of codes related to linear 
scaling with the number of atoms. The details of the band 
structure computation via DFT have been recently reviewed 
by Jana et  al. (2013). An involved practical computation of 
DFT including the various approximation schemes has been 
illustrated in Figure 15.3.

15.3  ELECTRONIC PROPERTIES 
MODIFICATION OF GRAPHENE

One of the main motivations behind the research work with 
graphene systems is to open up a finite bandgap and to control 
the bandgap, otherwise it is not possible to use a graphene-
based system as a nanoelectronic device. There are several 
attempts to incorporate bandgap of graphene nanostructures 
by doping of different kinds of elements and functional group, 
altering the topology of the planar structures such as SW kind 
of defects as well as straining the planar structure of the gra-
phene nanosheet. In pure graphene, the electrons at the Fermi 
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FIGURE 15.3 An involved practical computation of DFT includ-
ing the various approximation schemes has been illustrated in this 
figure.
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level are highly mobile and cannot be controlled easily. The 
doping is essential to control these electrons for applications 
in nanoelectronics. In fact, a bandgap of the order of 0.3–
0.7 eV is quite ideal for device application in the sense that 
one can have faster yet controlled transmission of electrons in 
the transistor. We illustrate in Figure 15.4, the various meth-
ods for modifying the bandgap in graphene. Substitutional 
doping can readily affect the electronic properties of mono-
layer graphene. The individual dopants in the monolayer can 
be characterized by scanning tunneling microscopy (STM), 
Raman Spectroscopy, and x-ray spectroscopy along with first 
principle calculations.

15.3.1  strained Graphene: Band 
structure modification

In this section, we will discuss the effect of planar strain on 
graphene nanosheet to alter its electronic properties (Lu and 
Guo, 2010; Naumov and Bratkovsky, 2011), mainly the elec-
tronic band structure and DOS. The hexagonal symmetry of 
the graphene structure yields a zero bandgap at the Fermi 
level (EF). Therefore, breaking the hexagonal symmetry of the 
planar graphene structure one can introduce bandgap in the 
system. Mainly three kinds of planar strains are important 
for breaking the symmetry of the structures: (i) symmetrical 
strain (Figure 15.5a), (ii) asymmetric uniaxial strain along 
the zigzag direction (Figure 15.5b), and (iii) asymmetric 
uniaxial strain along the armchair direction (Figure 15.5c). 
Symmetrical strain means the strains along both zigzag and 
armchair directions are equal. Such a strain, however, does 
not break the hexagonal symmetry of the structure while the 
other two asymmetrical strains break the hexagonal symme-
try of the graphene structure and give rise to opening of band-
gap at the Fermi level. As far the symmetrical strain does not 
break the hexagonal symmetry however, DFT-based calcula-
tions show that uniform strain can alter the position of EF. It 
has been observed that a downward shift of EF with respect to 
such strain and the variation is almost linear up to 5% of strain 
(ε). In Figure 15.6, the change of EF, that is, EF(ε) − EF(0) from 
pristine one has been depicted as a function of uniform strain. 
As the hexagonal symmetry is broken for uniaxial strains, the 
hopping integral in the TB approximation among the nearest 
sublattice sites are different. While for symmetrical strain the 
hopping integral remains same for all nearest sublattice sites 
but its amplitude decreases with increase of lattice constant. 

Mechanical
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Surface
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Chemical
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Bandgap
engineering

FIGURE 15.4 Schematic representation of different ways to tailor 
the electronic and electrochemical properties of graphene.
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FIGURE 15.5 (a) Schematic representation of uniform strain along 
both armchair and zigzag direction. (b) Schematic representation of 
uniaxial strain along zigzag direction. (c) Schematic representation 
of uniaxial strain along armchair direction.
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FIGURE 15.6 The variation of Fermi energy (EF(ε) − EF(0)) has 
been plotted against the amount of uniform in-plane strain (ε) to the 
pristine graphene nanosheet. It falls off linearly with the strength 
of strain.
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For uniaxial strain two different values of hopping integral 
are required resulting a finite bandgap opening at the Fermi 
level.

Recent experimental work by Ni et al. (2008) reveals that 
planar uniaxial strain of graphene nanosheet yields an open-
ing of bandgap about 300 meV in the elastic regime of strain 
(~1.0%) (see Figure 15.7). This experimental result is also 
consistent with their ab initio DFT calculation. The Poisson 
ratio in the elastic limit of strain obtained to be 0.186. A 
detailed theoretical work was carried out by Gui et al. (2008) 
to study the effect of different kinds of planar strains on the 
electronic properties of graphene nanosheet. As already dis-
cussed, they do not get any bandgap opening for symmetri-
cal strain but in this case the pseudo gap (determined at M 
point) decreases linearly with the applied strain. Maximum 
of 0.170 eV bandgap opening is observed for zigzag strain of 
4.91% while maximum of 0.486 eV amount of bandgap open-
ing has been observed for 13.1% of armchair strain at the 
Dirac point. Beyond these two limiting strain value the band-
gap however decreases. For smaller strain (<2.0%) the Poisson 
ratio remains constant at 0.1732 for both zigzag and armchair 
strain. It has been observed (Gui et al., 2008) that the Poisson 
ratio falls off with the strain beyond the elastic limit differ-
ently for different types of uniaxial strain.

Recently, Topsakal et al. (2010) studied the bandgap tun-
ing by applying uniform strain on the recently discovered 
graphene derivative called graphane. Graphane is basically 
hydrogenated graphene structure; all the dangling bonds 
of carbon atoms of graphene are hydrogenated. Due to the 
hydrogenation it is buckle shaped and unlike graphene it is 
a wide bandgap direct semiconductor. The strain energy ini-
tially increases with the uniform strain up to ε ~ 0.3 (where 
ε is the strain) in the elastic regime. However, in the plastic 

deformation regime (ε > 0.3) strain energy falls off suddenly. 
The variation of strain energy and its derivative with respect 
to strain has been depicted in Figure 15.8. The bandgap of this 
wide bandgap material is also tunable by application of in-
plane strain. DFT-GGA calculation reveals that it has a band-
gap of ~3.54 eV but with GW correction Topsakal et al. (2010) 
obtained the bandgap to be ~5.66 eV without any strain. 
Initially, the bandgap increases with strain monotonically up 
to ε ~ 0.15 and then decreases monotonically with the strain 
in the elastic regime, as depicted in Figure 15.9.

15.3.2  doped Graphene: eLectronic 
properties modifications

The major parts of the research interest toward the graphene 
systems are to study the modifications of the electronic and 
electrochemical properties of graphene due to the presence of 
impurity such as atoms and functional groups in the pristine 
systems. With the impurity type and concentration, the elec-
tronic properties of graphene can be modified. Recent study 
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shows that the position-dependent adatoms also alter the elec-
tronic DOS and band structure of the system.

With B and N doping, it is expected that the local struc-
ture and the associated charge density will be modified in an 
essential way. The doping of hole forces the 2D band of gra-
phene to shift toward blue end while with electron, the red-
shifts (Rao and Voggu , 2010) are noticed. Recently, Raman 
spectroscopy has been employed to record the G-band shifts 
in tetrathiafulvalene (TTF) and tetracyanoethylene (TCNE) 
functionalized in graphene (Rao et  al., 2010). It has been 
observed that G band shifts toward the higher frequencies for 
B concentration while for N concentration in the lower fre-
quencies (Panchakarla et al., 2009). It would be quite inter-
esting to employ experimental and theoretical optical studies 
on effects of TTF and TCNE on B- and N-doped graphene.

The N atom is used widely for chemical doping of carbon-
related materials because of two important properties. One 
is the comparable atomic size and another is that it has five 
valence electrons for bonding with carbon atoms. The typical 
methods for doping N in graphitic structure involve plasma 
arc-discharge and chemical vapor deposition (CVD). These 
processes are, however, of high cost with uncontrolled dop-
ing structure. Nitrogen plasma treatment of graphene can yield 
various concentration of N in 2D graphene by controlling the 
exposure time (Wang et al., 2010). In fact, N-doped graphene 
(Usachov et al., 2011, 2013) can show efficient electro-catalytic 
activity for the reduction of H2O2. Besides, N-doped graphene 
can perform glucose biosensing in a low concentration of 

0.01 N. Ultraviolet (UV) photoemission spectroscopy clearly 
revealed the raising of density of π states near the Fermi level 
in pyridinic N-doped graphene (Luo et al., 2011) and this type 
of doping is highly responsible for oxygen reduction reaction 
(ORR) activity. The CVD method (Wei et  al., 2009) can be 
used to prepare N-doped graphene. These large area syntheses 
of N-graphene films can be easily transferred to different sub-
strates for various characterization and measurements. These 
doped films exhibit remarkable performance for ORR associ-
ated with alkaline fuel cell (Qu et al., 2010). These methods 
can be repeated for new catalytic materials for future applica-
tions to fuel cells or even beyond the fuel cells.

15.4  BORON AND NITROGEN DOPING: 
ELECTRONIC PROPERTIES MODIFICATION

Defect-mediated/controlled graphene involving B and N need 
some careful investigation to look for some specific applica-
tions. This is relevant for emerging trends in device applica-
tion as well as spectroscopic developments. The theoretical 
and experimental approach should also pay attention to suit-
able control of B and N in the low doping region. In this con-
text, it is to mention that N doping along with native point 
defects modify the electronic properties of graphene (Huo et al., 
2013). Until date, major emphasis have been in the electronic 
and electronic energy loss spectroscopy (EELS) of these 
doped systems; however, the mechanical and electrochemi-
cal aspects have not been explored thoroughly with the varia-
tion of dopant concentrations. On the other hand, theoretical 
efforts have been attempted to correlate the atomic structure 
and the electronic transport taking into account the elec-
tron–electron and electron–phonon interaction. However, one 
needs further investigation and involved calculations to match 
the experimental results with the theoretical ones. In recent 
years, topological defects are seen to play a key role in the 
formation of structures. Thus, it is necessary to explore these 
ideas in doped systems for suitable application in electronic 
switches or in transport processes. In Raman spectroscopy, 
it is highly desirable to know the variation Raman breathing 
mode (RBM) with different concentration of N for various 
flavors of doped graphene. It is also possible to dope gra-
phene with B and N and it is desirable to know the variation 
of electronic and optical properties as a function of the con-
centration. Most of the theoretical studies have been focused 
on graphite-like substitution of boron and nitrogen atoms into 
the carbons in the honeycomb lattice of graphene. Further 
works considering other configurations such as pyridine like 
or pyrrole like in the graphene network must be developed to 
compare theoretical results with experimental ones. Although 
some interesting breakthrough works have been done so far, 
however, it is expected that some new electronic, mechanical, 
optical, and vibration effects may emerge after doping and 
functionalization with other unexplored heteroatoms. Below 
we discuss the two possible directions where B or N will defi-
nitely play a significant role in controlling the various physical 
properties in carbon-related systems.
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It is well known from theoretical study that N-doped CNTs 
are indeed good support for noble metal nanoparticles because 
of the enhancement of the metal-CNT binding energy. The 
graphene layers inside the N-doped CNT act as an addi-
tional anchoring point for metal nanoparticles such as Pt or 
Ru. N-doped CNT-graphene hybrid nanostructures show (Lv 
et al., 2011) highly conductive nature and turns out to be an 
ideal catalyst support material. Recently, a thorough study by 
Zhao et al. (2011) on the electronic structure of N-doped gra-
phene film using CVD on copper substrate indicates that the 
electron–hole asymmetry in local density of states (LDOS) 
is significantly stronger on the N atom in accord with DFT 
calculations. Moreover, STM results (Zhao et al., 2011) reveal 
that each graphitic N dopant actually contributes on an aver-
age 0.42 ± 0.07 mobile charge carriers to the graphene lattice.

Nanocomposites-based nitrogen doped graphene sheets 
can show potential applications in wastewater treatment, 
fuel cells, and nanodevices. In particular, recently graphene 
zinc selenide (GN-ZnSe) nanocomposites have been synthe-
sized (Chen et al., 2012) in the hydrothermal process to show 
enhanced electro chemical (EC) and photo catalytic activ-
ity. The choice of ZnSe material is basically for two reasons; 
firstly, it is a direct bandgap material (2.7 eV at room tem-
perature), secondly, it is a good candidate for short wavelength 
lasers and blue laser diodes.

N-doped reduced graphene film was prepared (Hwang 
et al., 2012) from the spin casting of graphene oxide disper-
sion. This method is supposed to be an efficient method to 
exploit a low-cost solution processing without substrate trans-
fer. The work function of the prepared film can be precisely 
tailored by the doping level of N. This can be used as a trans-
parent electrode in polymer light-emitting diodes (PLED) 
compared to fluorine-doped tin oxide (FTO). The sheet resis-
tance of such N-doped reduced graphene film was shown to 
attain a lowest value at 80% transmittance. Recently, a pow-
erful method for N-doped graphene sheets has been devel-
oped by Yang et al. (2012), which involves functionalization 
by self-assembled molecules. The highly porous, high spe-
cific surface area along with high percentage yield of pyri-
dinic graphitic nitrogen structures are seen to be promising 
candidate in electrocatalytic activity for ORR. N-doped gra-
phene quantum dots with oxygen-rich functional groups can 
emit blue luminescence and possess superior electrocatalytic 
activity (Li et al., 2012). Moreover, they can also be used as 
metal-free ORR catalysts in fuel cell. These properties and 
applications of such doped systems have opened up the pos-
sibility of potential applications in biomedical imaging and 
other interesting optoelectronic devices.

Compared to standard SiO2 substrate, it has been pointed 
out that BN substrate for monolayer graphene is a better 
option for nano-optoelectonic devices. The essential reason 
behind this is that BN significantly improves the mobility 
of the charge carriers. Moreover, the charge homogeneity of 
such a system is reduced quite largely (Dekker et al., 2011) in 
comparison with SiO2 substrate. The gate-dependent differ-
ential conductance (dI/dV) STM spectra of graphene/BN have 
showed (Dekker et al., 2011) sharp spectroscopic feature than 

graphene/SiO2. This study can help one to explore the rela-
tion between Dirac point energy and the gate voltage enabling 
one to calculate the capacitance per unit area. Most recently, 
DFT in the framework of nonequilibrium Green’s function 
has been invoked (Deng et  al., 2012) to study the transport 
properties of BN-doped trigonal graphene. The calculations 
have indicated (Deng et al., 2012) that the I–V characteristics 
are indeed sensitive to geometrical factors and the observed 
rectification can be understood from the formation of a poten-
tial barrier in BN region just like p–n junction.

Ab initio DFT calculations on N/B substitutional doped 
graphene systems exhibit the n-type (N doped) and p-type (B 
doped) behavior. An upward shift of EF as well as downward 
shift of EF has been observed for N- and B-doped graphene 
systems, respectively, and it depends on doping concentration 
(n). N and B doping concentrations have been varied within 
0%–18% and Figure 15.10 clearly demonstrates the change of 
Fermi level (ΔEF = EF(n) − EF(0)) with respect to pristine one 
with the doping concentration. In low doping concentration, a 
sudden change has been observed whereas there is no signifi-
cant change in EF for high doping concentration. However, 
substitutional doping of N atom is energetically favorable 
rather than B atom substitutional doping; it is possibly due to 
the fact that the deformation of structure is less for N atom. 
Formation energy of such doped systems can be evaluated 
using the formula, Ef = (Ed + nEC − Ep − nEa), where Ed, EC, 
Ep, and Ea denotes the total energies of doped system, iso-
lated C atom, pristine system, and isolated adatom, respec-
tively. In Figure 15.11 the variation of formation energy 
calculated from DFT calculations of N/B doped systems are 
depicted with respect to doping concentrations, which clearly 
indicates that N doping is favorable than B doping. Pristine 
graphene is zero bandgap semimetal; but ab initio DFT-GGA 
calculation with 32 C atom super-cell reveals that the lattice 
symmetry can be broken by isoelectronic B–N co-doping 
in the graphene nanosheet, which yields a finite bandgap 
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N/B doped systems as a function of doping concentration (n). N 
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considered as hole doping.
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opening (Nath et al., 2014a) at the Fermi level ~0.3 eV (see 
Figure 15.12). First-principle DFT calculations have clearly 
demonstrated (Fan et  al., 2012) that B–N domains in gra-
phene plane can eventually open up a bandgap around K(K′) 
points. Even the random doping with B or N also induces 
(Fan et al., 2012) a small gap at the Dirac points. The modu-
lation of the gap is although insensitive to the size of BN 
domain however critically dependent on the concentration 
of BN. The calculation of DOS confirms the nonexistence 
of defect states near the Fermi level. The absence of local-
ized defect states in the band structure is due to the strong 
interaction between B(N) with C atoms and small difference 
of electronegativity. The numerical study also reveals that 
at low concentration of B or N, the shift of the Fermi level 
(ΔEF) is related with the concentration (n) through a simple 

equation of the form ∆E nF ∝ . This fact, along with spin-
dependent DFT calculation indicates that the introduction of 

BN domain in graphene does not induce any ferromagnetism 
in the system. This study will be helpful to microelectronic 
community for device fabrication. Recent ab initio theoreti-
cal work based on DFT shows that boron and nitrogen double 
doping, that is, B–B, N–N, and N–B doping in the graphene 
interacts differently in the system (Al-Aqtash et  al., 2012). 
B–B and N–N interaction in the system is repulsive whereas 
N–B interaction is attractive. The interaction energy var-
ies inversely proportional to the distance between the dop-
ants. For separation distance greater than or equal to 4 Å, 
the interaction strength is almost zero. B–N pair yields the 
most energetically favorable configuration than the others. 
This observation eventually supports the existence of hex-
agonal boron nitride patch in graphene system. Recently, ab 
initio calculations (Nath et al., 2014b) on the optical proper-
ties of B, N, and B–N co-pair doped graphene have indicated 
that the static real dielectric constant for N-doped system is 
increased to 45 times compared to pristine one and no sig-
nificant shift in Fermi energy is noticed for N–B co-doping.

Brito et al. (2012) have employed ab initio calculations to 
study B and N doping in graphene into the grain boundary 
(GB) region. The study indicates that B and N doping into 
the defective region is an energetically favorable process. 
Further, the electronic properties of B (N) doping in graphene 
having GB structures show p(n)-type behaviors. However, 
B–N co-doping induces small modifications in their elec-
tronic structures. B–N co-doping in the GB region, however, 
does not produce any significant changes in the electronic 
band structure compared to the undoped one. The ab ini-
tio calculations with graphene doped with BN nanoribbons 
and patches show (Shinde and Kumar, 2011) an opening of 
bandgap and the bandgap turns out to be directly suitable for 
nanoelectronic applications. Moreover, the bandgap inter-
estingly depends on the narrowest region of the graphene 
independent of the concentration and shape of the patches. 
The alternation of band structures for B–N nanoribbons and 
patches in the graphene has been depicted in Figure 15.13 
for different doping concentration and configurations. With 
the same doping concentration bandgap is different for dif-
ferent configurations, that is, either B–N nanoribbons or 
B–N patches. A detailed comparison of bandgap is provided 
in Table 15.2. The band structure calculations of BN-doped 
graphene by Tochikawa et al. (2011) have suggested a large 
red shift of the bandgap in contrast to normal graphene. It is 
noteworthy to mention at this juncture that the infinite gra-
phene has a zero bandgap while BN-doped graphene (C6BN) 
has a bandgap of 1.25 eV (Liu and Shen, 2009; Gorjizadeh 
and Kawazoe, 2010). The spin-polarized DFT methods were 
used (Ma et al., 2011) to study the electronic and magnetic 
properties of quasi 1D zigzag triwing graphene (ZZ-TWG) 
ribbons with boron and nitrogen. The asymmetric BN dop-
ing in these systems give rise to half-metallicity suppressing 
the spin polarization of the doped wings. Heavily doping, 
however, turns a metallic ZZ-TWG into a semiconductor. 
This study is indicative of choosing a good half-metallic 
nanostructure for future spintronic devices. It will be inter-
esting to explore the optical properties of these systems as 
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a function of concentration in different polarizations of the 
applied electromagnetic field.

Using first principle calculations Fan et al. (2011) reported 
that the bandgap and electron effective mass (EEM) can be 
tuned systematically by tuning the interlayer gap and stacking 
arrangement of graphene-boron nitride heterobilayers (C-BN 
HBLs). The graphene-boron nitride heterobilayers have 
smaller electron effective mass than that of graphene bilay-
ers, which means higher carrier mobility. The binding energy 
is highly sensitive to the stacking arrangement of graphene-
BN heterobilayers, the variation of binding energy is depicted 
in Figure 15.14. The most stable configuration is pattern II 
(see Figure 15.14), where N atoms are top on the center of 
graphene hexagon and B atoms are on the top of graphene C 
atoms. This is because of cation (B atom)–π attractive interac-
tion and anion (N atom)–π repulsive interaction. The N atoms 

TABLE 15.2
Bandgap Opening in Graphene Nanosheet 
with Different B–N Doping Concentrations 
and Configuration

System BN (%) Bandgap (eV)

a 0.00 0.00
b 50.00 1.65
c 50.00 0.58
d 100.00 4.53
e 8.33 0.49
f 33.67 1.18
g 44.45 1.16
h 66.67 2.27
i 91.67 3.66
j 44.45 1.74
k 55.56 0.72
l 16.67 0.47
m 83.33 1.86
n 66.67 1.00
o 33.33 0.54

Source: Shinde, P. P. and V. Kumar. 2011. Phys. Rev. B 
84:125401;1–6.

(c)

(d) (e) (f )

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

MKKK MMMMM ΓΓ Γ

2

2

0

1

0

0

2

1

4

0

−2

−1

−1

−1

3

2

1

0

2

1

0

3
2

0

2

1

0

0

−1
1

1

−1

−1

−2

−1

−2
4

0

−2

−2

−1
2

0

2

1

0

0

2

1

2

2

1

0

−1

−2

−1

−2

2

1

0

En
er

gy
 (e

V
)

(a) (b)

FIGURE 15.13 Energy bands along symmetry directions of the 
Brillouin zone (BZ) of the B–N doped graphene supercells corre-
sponding to different doping configurations (i.e., for boron nitride 
nanoribbon and patches) and the dashed line shows the top of the 
valence band. (Reprinted with permission from Shinde, P. P. and V. 
Kumar. 2011. Phys. Rev. B 84:125401;1–6.)

0.5

0.4

0.3

0.2

0.1

0.0

2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0

2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0

−0.1

0.5

0.4

0.3

0.2

0.1

0.0

−0.1

−0.2

LDA

PBE+vdW

II

II

IV

IV

III

III

I

II IV
IIII

I

(b)

(a)

Interlayer distance (Å)

En
er

gy
 (e

V
)

En
er

gy
 (e

V
)

Interlayer distance (Å)

B

B

C

C

N

N

FIGURE 15.14 Binding energy per unit cell of graphene-boron 
nitride heterobilayers with different patterns as a function of 
interlayer spacing using (a) LDA and (b) PBE combined with 
Tkatchenko–Scheffler–van der Waals (TS–vdW) correction. The 
inset shows the four inequivalent stacking patterns (I–IV) of the 
heterobilayers. (Reprinted with permission from Fan, Y. et al. 2011. 
Appl. Phys. Lett. 98:083103;1–3.)



243Modifications of Electronic Properties of Graphene by Boron (B) and Nitrogen (N) Substitution

prefer to be located at the top of the hexagonal center of gra-
phene network where π-electron density is very low, whereas 
B atoms prefer to be located on the top of C atom because of 
its electropositive nature. In all cases, the binding energies 
are minimum when the interlayer separation is ~3.2 to 3.5 Å 
depending on the stacking pattern. With the increase of sepa-
ration from ~2.3 to 4.2 Å energy bandgap decreases mono-
tonically but differently for different pattern, but for greater 
than 3.2 Å interlayer gap all exhibits almost zero bandgap as 
shown in Figure 15.15. Thus, hetero bilayer can modify elec-
tronic properties of the nanoscale graphene-based systems. 
Furthermore, AA-stacked bilayer graphene system exhibits 
strong modifications of its optical properties with the varia-
tion of its interlayer spacing (Nath et al., 2015). Besides, the 
electronic band structure of bilayer graphene system is highly 
sensitive to applied external transverse electric field when it is 
asymmetrically doped (Zhang et al., 2009). Recent DFT study 
reveals that interlayer spacing between sandwiched graphene 
layer and BN nanosheet appreciably alters the opto-electronic 
properties of such systems (Das et al., 2015).

Instead of common normal bonds in graphene, graphyne is 
made from double and triple bonded units of two carbon atoms. 
Recently, DFT has been employed to explore the electronic 
band structure of bilayer graphene and graphyne doped with 
B and N in the presence of external electric field (Majidi and 
Karami, 2013). The calculation reveals the opening of band-
gap and the magnitude can be enhanced by the application 
of electric field. This can be used in carbon-based electronic 
device since the bandgap can be tailored by the concentration 
of impurity and the strength of the applied electric field. An 

experimental up-to-date review has been compiled by Cooper 
et  al. (2012). Although for bulk materials, there are quite a 
few techniques to measure the electronic band structure of 
a material, however, graphene being a few layers of carbon 
atoms, angle resolved photo emission spectroscopy (ARPES) 
turns out to be the most efficient method for measuring small 
bandgap in the system due to doping.

The presence of any impurity or defect generally modi-
fies the electronic band structure and the role of the defects 
or impurities can be visualized through STM. Extended 
defects such as GB can suitably control the functionality of 
graphene sheet (Banhart et  al., 2011). Spin-polarized first 
principle calculations have been carried out by Xu et  al. 
(2010) on the BN-doped super lattice to visualize the effect 
of geometric shape and size of embedded B–N Nanon. The 
involved calculations clearly indicate that the bandgap of the 
graphene super lattice increases with the B–N Nanon regard-
less of its shape. Interestingly, with the exchange of B and N 
atoms in the super lattice, the valence and conduction bands 
are inverted with respect to the Fermi level due to inher-
ent electron–hole symmetry. Besides, the mid-gap states do 
appear in the super lattice for triangular B–N nanodot. A 
low pressure CVD method on Cu foil has been employed 
(Chang et al., 2013) for synthesis of large area few layer BN 
co-doped graphene. In this work, it has been demonstrated 
clearly that a small amount of h-BN domain in graphene 
is enough to modify the electronic structure with a signifi-
cant bandgap. In particular, for low BN samples, with the 
increase of BN concentration, a monotonically increasing 
bandgap up to 600 meV has been noticed. However, a fur-
ther enhancement of BN concentration after 6% decreases 
the bandgap. This is due to the quantum confinement effect 
in graphene domains.

15.5 FUTURE DIRECTIONS

A recent surge of interest in graphene is due to two main 
reasons. First, high-quality graphene can be produced in the 
laboratory quite easily. However, there needs to be some corre-
lation among various methods for large-scale production, qual-
ity control, and repeatability of doping concentration. Even 
for this miracle material, equivalence of various preparation 
methods has not been explored in detail with exfoliation tech-
nique. The properties of particular sample of graphene depend 
strongly on the defects and substrates in various production 
schemes. Second, graphene can be chemically functionalized, 
which can alter the electronic band structure significantly and 
hence the optical properties. In practice, a small amount of 
B–N domain can effectively alter the semimetallic character of 
the pristine graphene. Tuning of bandgap essentially depends 
on doping concentration as well as ad-atoms positions in the 
hexagonal network of graphene. Therefore, in order to modify 
the band structure of graphene, controlled doping is essential 
to fabricate a graphene-based device. However, except some 
remarkable Raman spectroscopic studies in B–N doped gra-
phene, linear nonlinear optical properties involving dielectric 
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constant, optical conductivity, optical absorption, EELS have 
not been explored in detail at all.

CVD turns out to be a promising method for producing 
large area uniform polycrystalline graphene film containing 
B–N domains. In spite of the presence of defects, GB, many 
thick layers in these films, they can be used as transparent 
conductive coating. For these applications, these films need 
to be characterized. In such a case, DFT calculations can be 
helpful for optical characterizations involving polarizations 
and frequencies. In fact, it is highly desirable to grow large-
scale graphene in a cost-effective way on arbitrary surfaces 
at low enough temperature with minimal number of defects. 
In that sense, graphene will be competitive with conventional 
semiconductor materials such as Si or GaAs.

In photonic device applications, graphene can be used in 
a wide spectral window ranging from UV to infrared com-
pared to very limited detected spectral width of conventional 
photo-detectors. Besides owing to its high operating band-
widths, graphene can be used in high-speed data communica-
tions. The sensitivity of the photo-detectors can be improved 
by incorporating plasomonic nanostructures, which enhance 
the typical local optical electric field. Doping in graphene can 
significantly alter the position of the Fermi level. This fact can 
suitably be used as an important property of transparent elec-
trode in quantum dot and solar cell. Besides, chemical func-
tionalization may improve the selectivity of graphene sensors 
suitable for biosensing. The use of graphene sensors in bioap-
plications relies on the fact of multifunctionality, large surface 
area, easy chemical functionalization, and chemical purity.

Besides, the techniques used in graphene can also be 
suitably used to create many new 2D materials such as BN, 
NbSe2, TaS2, and so on. Using these 2D materials, one can 
create heterostructures made up of two, three, or four layers. 
The results obtained from theoretical study will enable one to 
compare with experimental observations.

15.6 CONCLUSIONS

Unlike other 2D atomic crystals, graphene is a zero bandgap 
purely 2D honeycomb-like carbon (C)-based nanomaterial. 
However, due to the absence of a finite nonzero bandgap, gra-
phene cannot be used for device applications related to gra-
phene-based electronics. In this situation, chemical doping 
such as B or N seems to be promising as there is a possibility 
of opening of bandgap at Dirac points. B and N are two very 
good candidates for substitutional doping in the graphene 
network because the atomic radii of these two elements are 
very close to the atomic radius of carbon. Graphene with B 
doping behaves like a p-type material, whereas with N dop-
ing it becomes n-type material. One would expect to fabri-
cate p–n junction nanodevices by co-doping of both B and 
N elements in the graphene system by suitable position and 
concentration. In this chapter, it has been attempted to review 
the bandgap opening and controlling at the Dirac point (lin-
ear band crossing point) of graphene by substitution of B and 
N by using density functional theory. Applications of strain 

could open up gap at Dirac points. In fact, these modifications 
of the electronic band structure will eventually alter the opti-
cal properties of doped systems. Besides, combining defects 
with these doped systems can help to build some novel 2D 
materials particularly suitable for device applications such 
as electronics, optoelectronics, photonics, and spintronics. 
Works in these directions are welcome in the next few years.
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16 Electronic Structure and Topological 
Disorder in sp2 Phases of Carbon

Y. Li and D. A. Drabold

ABSTRACT

Carbon has shown itself to be the most flexible of atoms, crys-
tallizing in divergent phases such as diamond and graphite, 
and being the constituent of the entire zoo of (locally) graphitic 
balls, tubes, capsules, and possibly negative curvature analogs 
of fullerenes, the schwartzites. We compare the various sp2-
bonded forms of carbon, and describe conditions that open or 
close the optical gap. We also explore topological disorder in 
three-coordinated networks including odd-membered rings in 
amorphous graphene, as seen in some experimental studies. 
We start with the Wooten–Weaire–Winer (WWW) models due 
to Kumar and Thorpe, and then carry out ab initio studies of 
the topological disorder. The structural, electronic, and vibra-
tional characteristics are explored. We show that topological 
disorder qualitatively changes the electronic structure near the 
Fermi level. The existence of pentagonal rings also leads to 
substantial puckering in an accurate density functional simu-
lation. The vibrational modes and spectra have proven to be 
interesting, and we present evidence that one might detect the 
presence of amorphous graphene from a vibrational signature.

16.1 INTRODUCTION

Carbon-based semiconductors are one of the hottest topics in 
condensed matter science. Although silicon-based electronics 
have achieved tremendous success, scientists and engineers 
are always seeking alternative materials. One of the main rea-
sons is that the size of silicon-based transistors, which are the 
building blocks of electronics, is reaching basic limits. One 
challenge of these short-length scales is the requirement of 
rapid heat dissipation. Nowadays, remarkable improvements 
in growth techniques allow scientists to build carbon structure 
with reduced dimensionality in high precision. The advances 
in computational tools and theoretical models make it pos-
sible to investigate and make plausible predictions about the 
electronic, vibration, or optical properties of carbon materials.

Single-layer graphene was first isolated by Novoselov et al. 
[1] using mechanical exfoliation. Graphene’s two-dimensional 
structure, which consists only of hexagons, gives rise to its 
unique and interesting electronic properties and promising 
potential for applications [2,3]. However, different categories 
of defects have to be taken into account for applications. It has 
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been shown that these defects may lead to various graphitic 
arrangements, associated with a menagerie of local minima 
on the sp2 carbon energy landscape. Among these analogs of 
graphite, we will briefly consider the properties of crystalline 
graphene, fullerene, carbon nanotubes, and schwarzite, and 
focus mainly on amorphous graphene.

16.2 COMPUTATIONAL METHODS

To model complex sp2 carbon systems, the interatomic poten-
tial is the fundamental tool to accurately represent the struc-
tural electronic and vibrational properties. There are three 
commonly used interatomic potential in materials theory: 
empirical potentials, potentials from the tight-binding approx-
imation, and ab initio methods [4].

16.2.1 empiricaL potentiaLs

Empirical potentials are based upon classical chemical con-
cepts. The potential energy function can be expressed as the 
summation of individual contributions due to various kinds of 
atomic interactions, which can be categorized into three types 
[5]: bonded terms, nonbonded terms, and correction terms. By 
carefully considering different contributions and fitting the 
experimental data, known properties of the reference materi-
als can be reproduced. Such potentials usually face limits on 
their ability to represent structures very different from what 
they were fitted to.

16.2.2 tiGht-BindinG approximation

Another commonly used method is the tight-binding scheme. 
In this approximation, the electrons are considered as tightly 
bound to the nuclei, and have limited influence on nearby 
atoms. The single orbital Hamiltonian can be simplified as 
(following [6])

 

H U R R t R R t R RR

R

RR

RR
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Here 
�
′R  represents the nearest neighbors of 

�
R. The first 

term in Equation 16.1 gives the potential of electron at a lat-
tice site and the second term describes the interaction energy 
due to hopping between nearest neighbors. For a Bravais 
lattice, due to symmetry the hopping matrix elements t are 
same for all lattice sites. For disordered system, they depend 
on atomic coordinates, which means their values vary from 
site to site. The free parameters in tight-binding Hamiltonian 
are obtained by fitting to density functional or experimental 
results.

The method can make useful predictions about electronic 
structure, and with appropriate care in the fitting, total energy 
and forces. Tight binding suffers from transferability issues 
as empirical potentials do, though usually less severely, since 
the tight-binding approximation does grapple at least approxi-
mately with the electronic structure.

16.2.3 Ab InItIo methods

The third well-developed set of methods is characterized as 
ab initio. Since full quantum mechanical calculations are 
computationally intensive, certain levels of approximations 
are required for a practical implementation. The dominant 
approach is density functional theory (DFT). The basic idea 
used in the density functional setting is to replace the original 
many-particle wave functions with the ground state charge 
density as the fundamental variable. This well-accepted the-
ory was introduced by Kohn and Sham (1965). This approxi-
mation introduces a set of N single-electron orbitals | 〉ψ l r( )

�
, 

so that the Schrödinger equation (Kohn–Sham equation) can 
be written as
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In Equation 16.2 the exchange correlation εxc r[ ( )]ρ �  due to 
a superposition of the potential associated with each of the 
nuclei is still unknown.

Two common approximations have met with widespread 
use. The simpler approximation is the local density approxi-
mation (LDA). This approximation LDA can be expressed as

 
E εxc xc r dr[ ] [ ( )] ( )ρ ρ ρ= ∫ � �

 
(16.3)

Here, εxc r[ ( )]ρ �  is the known exchange-correlation energy 
per particle of the homogeneous electron gas. The exchange 
energy is given by a simple analytic form εx[ ] ( )( ) /ρ ρ π= − 3 4 3 1 2/ /  
[6] and the correlation energy has been calculated to great 
accuracy for the homogeneous electron gas with Monte Carlo 
methods [7].

The other approximation is the generalized gradient 
approximation (GGA), which define the functional as [8]
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Here, εxc r[ ( )]ρ �  is the exchange-correlation functional of 
the homogeneous electron gas and Fxc is dimensionless, and 
based upon three widely used forms of Becke (B88) [9], 
Perdew and Wang (PW91) [10], and Perdew, Burke, and 
Enzerhof (PBE) [11].

Both empirical potential and tight-binding approxima-
tion are computationally cheap relative to ab initio, but suffer 
from a lack of transferability and reliability in arbitrary bond-
ing environments. Ab initio methods are applicable to many 
systems, but at a significant computational price. Nowadays, 
SIESTA and Vienna ab initio simulation package (VASP) 
are two widely used ab initio programs to calculate band 
structure, electronic density of states (EDOS), total energies, 
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forces, and other quantities. SIESTA uses pseudopotentials 
and both LDA and GGA functionals [12]. While VASP is 
based on pseudopotentials, it employs a plane-wave basis and 
offers various density functionals [13].

16.3 CRYSTALLINE GRAPHENE

Crystalline graphene is just one layer of graphite, in which 
carbon atoms are arranged on a perfect honeycomb lattice. 
After experimental isolation in 2004, graphene’s electronic 
properties have been predicted theoretically [1,14–16]. Since 
there have been extensive studies on crystalline graphene, here 
we will briefly discuss the electronic properties. To calculate 
the band structure of crystalline graphene, we employed a 
single-ζ (SZ) basis set with or without Harris functional [17], 
a double-ζ polarized (DZP) basis set with SIESTA, and also 
VASP to compute the eight lowest-energy bands. For both 
SZ and DZP calculations by SIESTA, 20 k-points along each 
special symmetry lines were taken, and for VASP 50 k-points 
along each line were sampled. The result from SIESTA using 
SZ basis and Harris functional is essentially identical with the 
one based on DZP basis for the four occupied bands. These 
results of SIESTA with SZ basis and Harris functional and 
of VASP show excellent agreement with published results for 
each code, respectively [18,19], as shown in Figure 16.1. For 
energies above the Fermi level, agreement of results for the 
four unoccupied bands are rather poor, which can be amended 
by carefully choosing the energy cutoff to minimize the total 
energy as shown by Machon et al. [21]. While this is presum-
ably irrelevant for ground-state studies, these artifacts would 
be significant for transport or optics.

The comparison of density of states of crystalline graphene 
between DFT using SIESTA and tight-binding methods is 
shown in Figure 16.2. The tight-binding result is calculated 
based on Equation 14 in Reference 2, where t′ = 0, and 

t = 2.8 eV. Both of these two results around Fermi level can be 
approximated as ρ(E) ~ |E|. The broadening of the DFT DOS 
is due to incomplete Brillouin Zone sampling.

16.4 FULLERENES

In 1985, Kroto et  al. [22] found that there exist cage-like 
molecules containing purely threefold carbon atoms (sp2 
hybridization), which are named fullerenes. This discovery 
stimulated extensive investigations into this molecular graph-
ite allotrope. Generally speaking, fullerenes refer to a family 
of closed carbon cages formed by 12 pentagons and various 
numbers of hexagons, which can be prepared by the vaporiza-
tion of graphite in an electric arc at low pressure [23]. In this 
section, the electronic properties of C60 and C240 (see Figure 
16.3) will be discussed. Their structures were optimized by 
SIESTA with SZ basis and Harris functional without any 
symmetry constraints.

0

−20

−10

10

20

M MKGamma
Wave vector

En
er

gy
 (e

V
)

VASP
SIESTA - SZ and Harris functional

FIGURE 16.1 Density functional band structure of crystalline 
graphene. The result of VASP is given by solid line. The results 
by SIESTA using SZ basis and Harris functional are represented 
by the dash-dotted curve. (Y. Li et al.: Phys. Status Solidi B. 2011. 
248. 2082. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
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using both DFT and tight-binding methods. The Fermi energy is 
0 eV. Solid line represents the result of SIESTA. The density of 
states due to tight binding is shown by the dashed line.

FIGURE 16.3 Optimized structure of C240.
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The comparison between DOS of these two fullerenes and 
crystalline graphene are shown in Figure 16.4. It appears that 
the curved topology of fullerene opens a gap around the Fermi 
level. According to Figure 16.4 and Table 16.1, the HOMO 
(highest occupied molecular orbital)–LUMO gaps of C60 and 
C240 decrease with increasing numbers of atoms, which is 
consistent with other calculations [24]. The evolution of the 
electronic and phonon density of icosahedral fullerenes as a 
function of size, and their ultimate convergence to graphene 
is published elsewhere [25].

16.5 CARBON NANOTUBES

Carbon nanotubes can be visualized as a graphene sheet 
rolled into a cylinder. There are three different types of car-
bon nanotubes due to different ways of rolling the graphene 
sheet. Distinct geometry of these three types gives rise to 
varied electronic behavior. Their structures can be charac-
terized by a chiral vector 

�
Ch as shown in Figure 16.5. Since 

carbon nanotubes are derived from crystalline graphene, 
the geometric properties of a carbon nanotube are commonly 
described by the ones of graphene.

Recall that the two unit vectors in the honeycomb lattice are 

defined as 
�
a a a1 3 2 2= ( )( )/ /,( )  and 

�
a a a2 3 2 2= ( ) −( )/ /, ( )  

where a ≈ 1.42 Å. To represent the geometry of carbon nano-
tube according to the original honeycomb lattice, chiral vector �
Ch defines the diameter of carbon nanotube, and translation 
vector 

�
T  defines the axial direction along the nanotube. Both 

of them are expressed as
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� � �
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(16.5)

Here both m and n are integers and n > m. dr is the highest 
common divisor of (2n + m, 2m + n). (n, m) values are crucial 
to the properties of nanotubes. Nanotubes with the same num-
ber of unit vector indices (n, n) are called armchair nanotubes. 
Chiral vector indices (n, 0) with m = 0 represents the zigzag 
nanotubes. Besides these two cases, if the chiral vector indices 
(n, m) are n ≠ m ≠ 0, the nanotube is called chiral, with a screw 
symmetry along the axis of the tube [27]. A few examples of 
these three types of nanotubes are shown in Figure 16.6.

To evaluate the electronic properties of carbon nanotubes, 
we use three carbon nanotubes with different chiral vector 
indices: (4,4) tube with n = m = 4, (6,0) tube with n = 6, m = 0, 
and (4,3) tube n = 4, m = 3. Carbon nanotubes exhibit either 
metallic behavior or semiconductor depending on their chi-
ral indices. Theoretical derivations show that if the indices 
(n, m) of nanotube satisfy the greatest common divisor of 
(n − m, 3) is 3, the given carbon nanotube behaves like metal, 
otherwise, it will be a semiconductor [26]. The Γ point DOS 
calculation results using SIESTA with SZ basis are shown 
in Figure 16.7. Consistent with the theory, the (6,0) tube has 
more states around the Fermi level, and obviously is metal-
lic, and (4,3) tube exhibits a gap and is a semiconductor. 
However, the (4,4) tube that should be metallic exhibits a gap. 
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FIGURE 16.4 DOS of C60, C240, and crystalline graphene. The 
C240 upper panel shows the whole spectrum, and DOS around Fermi 
level is given in the lower panel.
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FIGURE 16.5 The chiral vector 
�
Ch  shown in honeycomb lattice. �

T  is the translation vector, representing the axial direction of the 
carbon nanotube. Shaded region represents the unit cell of carbon 
nanotube and Θ is the chiral angle. 

�
a1  and 

�
a2 are the lattice vectors 

of original honeycomb lattice. (From R. Saito, G. Dresselhaus, and 
M. S. Drsselhaus, Physical Properties of Carbon Nanotubes, 1st ed. 
(Imperical College Press, London, 1998).)

TABLE 16.1
The HOMO–LUMO Gap and Total Energy Relative 
to Crystalline Graphene of Various Fullerene and 
Schwarzite Models

Allotropes Models >Gap (eV) etot/natom (eV)

Fullerene C60 1.724 0.402

C240 1.231 0.132

G-384 schw 0.183 0.188

Schwarzite P-536 schw 0.151 0.112

P-792 schw 0.086 0.090

P-984 schw 0.394 0.077
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In our case, we found that SIESTA calculations with SZ basis 
always tend to overestimate the gap, due to incomplete basis 
set and Brillouin Zone sampling. By carefully choosing the 
basis set and fully integrating over the Brillouin Zone, the 
gap would be reduced. Details of this calculation will be dis-
cussed elsewhere.

We also compute the projected density of states (PDOS) 
using a similar approach for carbon nanotubes. Here we 
use one zigzag (30,0) tube and one armchair (40,40) tube. 
According to the law of greatest common divisor of (n – m, 
3), (30,0) tube should be metallic, which is consistent with our 
results as shown in Figure 16.8. Also, by comparing the con-
tributions from all three sp2 orbitals and the p orbital, PDOS 
on p orbital have significant weight around Fermi energy. And 
in Figure 16.8, the PDOS curves of p orbitals in (30,0) tube 
and (40,40) tube have identical shape with the DOS around 

the Fermi level. Thus, the electronic properties around the 
Fermi level are determined by the interaction between p 
orbitals. This result is in fine agreement with bandstructure 
calculations, in which the two π bands, which are due to the 
interaction between p orbitals, determine the metallic behav-
ior of carbon nanotubes [26].

16.6 SCHWARTZITE

Unlike fullerenes and carbon nanotubes, which have positive 
Gaussian curvature due to the presence of 5-membered rings, 
schwarzites have negative curvature, which are induced by 7- 
and 8-membered rings as shown in Figure 16.9. As in crystal-
line graphene, all the atoms of schwarzite are three fold [29]. 
To study the electronic properties of schwarzite, four models 
are used: gycoid 384-atom (G-384 schw), primitive 536-atom 

n=4 m=4 n=6 m=0
n=4 m=3

FIGURE 16.6 Three examples of carbon nanotubes with chiral vector indices (4,4), (6, 0), and (4,3), respectively.
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(P-536 schw), primitive 792-atom (P-792 schw), and primitive 
984-atom (P-984 schw) schwarzite models. DOS of these four 
models are calculated by SIESTA using SZ basis and Harris 
functional with at least 2 × 2 × 2 Monkhorst-Pack grid [30]. 
The results are given in Figure 16.10.

As shown in Figure 16.10, with increasing schwarzite unit 
cell, DOS curve near Fermi level approaches to the shape 
obtained for crystalline graphene as shown in Figure 16.2. 
According to Table 16.1, increasing the size of the schwarzite 
cell also leads to decline of HOMO–LUMO (lowest unoccu-
pied molecular orbital) gap.

The total energy per atom also decreases with increas-
ing unit cell size. And the difference in total energy between 

crystalline graphene and large schwarzite cell approaches 
0.077 eV, which suggests that there is a real hope to prepare 
real schwarzite samples.

The calculations of Γ point PDOS of both P-536 and 
P-792 schw models have been performed. Since the primi-
tive schwarzites contain only 6- and 7-member rings, and 
the negative curvature is introduced by 7-member rings, here 
we compare the PDOS on the atoms within 7-member rings 
and the ones with 6-member rings, as shown in Figure 16.11. 
It appears that for both of these two models, 7-member rings 
are responsible for the structure of the DOS around the Fermi 
level.

16.7 AMORPHOUS GRAPHENE

As mentioned in the introduction, crystalline graphene and 
associated materials have extraordinarily interesting elec-
tronic properties. The electronic, thermal, and vibrational 
properties of graphene depend sensitively on the perfection 
of the honeycomb lattice. Thus, it is worthwhile investigat-
ing defects in graphene. Although extensive efforts have been 
devoted in curved graphene derivatives such as carbon nano-
tubes and fullerenes, little attention has been given to nonhex-
agonal defects and their electronic and vibrational properties 
in a planar graphene. In this section, details about the prog-
ress in producing real amorphous graphene samples in experi-
ment, techniques on preparing computational models, and 
calculation results about electronic and vibrational properties 
of amorphous graphene will be discussed.

16.7.1 experimentaL resuLts

From the 1980s, the progress in the growth engineering and 
characterization techniques made it possible to grow low-
dimensional materials under tight control. Recent electron 
bombardment experiments have been able to create amor-
phous graphene pieces [31,32]. Clear images of regions of 
amorphous graphene have been taken by Meyer et  al. [33], 
following the method described in Reference 34.

FIGURE 16.9 Structure of primitive 792-atom schwarzite model. 
Only half of this model is shown here. (From H. Terrones and M. 
Terrones, New Journal of Physics 5, 126.1–126.37, 2003.)
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Recently, Kawasumi et  al. successfully embedded non-
hexagonal rings into a crystalline graphene subunit in experi-
ment, synthesized by stepwise chemical methods, isolated, 
purified, and fully characterized the material spectroscopi-
cally [35]. They reported the multiple odd-membered-ring 
defects in this subunit lead to nonplanar distortion, as shown 
in Figure 2 in [35], which is consistent with our published 
results, as described in the following sections.

16.7.2 amorphous Graphene modeLs

To investigate the electronic and vibrational properties of 
amorphous graphene, three models are employed: 800 atom 
model (800 a-g), two 836 atom models (836 a-g1 and 836 
a-g2). All these models are prepared by introducing Stone–
Wales (SW) defects [36] into perfect honeycomb lattice and 
a WWW annealing scheme [37] with varying concentration 
of 5-, 6-, and 7-member rings [20]. Their ring statistics are 
shown in Table 16.2. All the atoms in these models are three 
fold, forming a practical realization of the continuous random 
network (CRN) model, proposed by Zachariasen [38]. A com-
parison between crystalline graphene and 836 a-g1 model is 
shown in Figure 16.12.

The electronic DOS of the planar 800 a-g model is com-
pared to a DOS of the crystalline 800 c-g model in Figure 
16.13 due to SIESTA. The electronic structure of the 800 a-g 
model is vastly different from the crystalline graphene near 
the Fermi level due to the presence of ring defects, as first 
reported by Kapko et al. [39].

16.7.3 symmetry BreakinG

The planar symmetry of the original amorphous graphene 
models is extremely sensitive to external distortions. In the 

TABLE 16.2
Ring Statistics of 800 a-g, 836 a-g1, and 836 a-g2 
Models (%)

Ring Size 800 a-g 836 a-g1 836 a-g2

5 33.5 25 24

6 38 53 52

7 24 19 25

8 4.5 3 0

Source: Y. Li et al.: Phys. Status Solidi B. 2011. 248. 2082. Copyright 
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
permission.
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FIGURE 16.12 Top view of 800-atom crystalline and 836-atom 
amorphous graphene. (Y. Li et al.: Phys. Status Solidi B. 2011. 
248. 2082. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
Reproduced with permission.)

FIGURE 16.13 DOS of 800-atom amorphous and crystalline graphene, the Fermi energy is 0 eV. (Y. Li et al.: Phys. Status Solidi B. 2011. 
248. 2082. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)
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following sections, two different approaches inducing curva-
ture into the original flat graphene models will be discussed.

16.7.3.1 Random Normal Distortion
Small random distortions have been applied to all the atoms in 
these three models along the normal direction of the graphene 
plane. Disordered configurations are relaxed by SIESTA, 
using SZ basis and Harris functional. The planar symmetry 
breaks with curvature above or below the initial plane start-
ing from a flat sheet [20]. The final structures depend on the 
initial conditions, and share a consistent pattern of relaxation 
as shown in Table 16.3.

As shown in Table 16.3, initially all the atoms have been 
randomly moved along normal direction by a small displace-
ment [–δr, +δr], as the first column of this table. The relaxation 
results are shown in the second and third columns, where the 
mean displacement of the system away from the original flat 
plane is given in the second column; and the third column 
shows the total energy per atom in the relaxed models. Taking 
800 a-g model as an example, the EDOS around the Fermi 
level of all the puckered and original flat models are shown 
in Figure 16.14. The influence of puckering on DOS around 
Fermi level is modest. The puckered system, after relaxation 
with δr = 0.05 Å is shown in Figure 16.21. Whereas, the mean 
bond length remains around 1.42 Å, the changes in ring sta-
tistics after relaxation are not significant either, as shown in 
Figure 16.15. This implies that it would be difficult to detect 
puckering using diffraction experiments or the associated 
radial distribution function.

To further test the relation between puckering and the ini-
tial distortion, various initial conditions have been employed, 
and puckering structures arise and remain at the same regions 
[20]. It suggests that rings with certain members may give rise 
to the puckering. With this motivation, we searched for regions 
with highest or lowest variations along the normal direction 
(puckered or smooth regions), as shown in Figure 16.16.

As illustrated in Figure 16.16, puckered regions tend to have 
a higher ratio of pentagons to heptagons. The most distorted 
bonds do not belong to these pentagons, instead they are within 
the hexagons or heptagons connecting two pentagons. Thus, 
the puckering regions are strongly associated with pentagons.

16.7.3.2 Molecular Dynamics Simulations
Symmetry breaking can also be achieved by molecular 
dynamics (MD) simulations. Calculations are performed 
with SIESTA with 800 a-g and 836 a-g1 using pseudopoten-
tials and LDA with a SZ basis and Harris-functional at con-
stant volumes. Details about these calculations are discussed 
in Reference 40. It is observed that in every case, even at 
T = 20 K, the system puckers breaking the planar symmetry, 
reflecting the extremely shallow minimum for the flat struc-
ture. In other words, weak thermal disorder is sufficient to 

TABLE 16.3
The Influence of δr on 800 a-g, 836 a-g1, and 836 a-g2 
Systems Relative to the Initial Flat Model

Models δr (Å) δ ′r  Å etot/natom(eV)

0.01 0.510 −0.086

800 a-g 0.05 0.526 −0.100

0.07 0.527 −0.100

0.01 2.53E-3 0.0

836 a-g1 0.05 1.402 −0.102

0.07 1.401 −0.102

0.01 2.72E-3 0.0

836 a-g2 0.05 1.183 −0.090

0.07 1.180 −0.090

Source: Y. Li et al.: Phys. Status Solidi B. 2011. 248. 2082. Copyright 
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
permission.
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phous graphene models. The Fermi level is corrected to 0 eV. (Y. Li 
et al.: Phys. Status Solidi B. 2011. 248. 2082. Copyright Wiley-VCH 
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induce puckering. The relation between total energy of the 
system and the maximum separation of atoms along the nor-
mal direction (magnitude of puckering) is shown in Figure 
16.17. It indicates that loosing planar symmetry will lower the 
total energy of the system, which is consistent with our results 
due to random distortions as shown in Table 16.3.

16.7.4 conformationaL fLuctuation

As mentioned in the previous section, several constant tem-
perature MD simulations have been performed. The main 
purpose of this section is to investigate the nature of pucker-
ing minima of amorphous graphene, which can be induced by 
different initial conditions as observed before [20] and is also 

a universal phenomenon in amorphous materials [41]. Here 
we employ the method proposed by Fedders and Drabold [41], 
which is akin to the conformational space annealing approach 
mentioned in Reference 42. Starting with a perfectly relaxed 
model (in our case 800 a-g and 836 a-g1), during each MD 
simulation we let the network evolve for 8.0 ps at four dif-
ferent mean temperatures of 20, 500, 600, or 900 K using 
Berendsen thermostat (velocity rescaling) to achieve the target 
temperatures. Then snapshots have been taken every 0.15 ps 
and quenched to find the metastable minima (or unique basins 
on potential energy landscape (PEL) [42]).

To investigate the conformational changes between these 
quenched minima, two auto correlation functions are used as 
defined in [41]

(a) (b)

(c) (d)

(a) (b)

(c) (d)

(a) (b)

(c) (d)

FIGURE 16.16 Enlarged plot of puckered and smooth regions of three amorphous models. (a) The top view of puckered region. (b) The 
side view of puckered region. (c) The top view of smooth region. (d) The side view of smooth region. (Y. Li et al.: Phys. Status Solidi B. 2011. 
248. 2082. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)
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where θi is the ith bond angle, and ri represents the distance 
between ith nearest-neighbor pair. Time t1 and t2 refers to two 
distinct quenched snapshots. These autocorrelation functions 
provide an insight into how thermal MD simulations lead 
to transition between various energy basins. Taking 800 a-g 
model as example, its autocorrelation functions are shown in 
Figure 16.18. It appears Δθ(t1, t2) and Δr(t1, t2) from MD runs 
at three different temperatures are qualitatively similar. They 
all increase linearly initially and fluctuate about a constant 
eventually. The continuity of these curves suggests that there 
exists a continuum of states, which differ structurally in mod-
erate ways. The results using 836 a-g1 have great consistency 
with 800 a-g.

The total energy distributions of all these quenched snap-
shots from MD runs at different temperature are shown in 
Figure 16.19. Excepting quenched configurations from 20 K 
MD, the total energy distributions exhibit several peaks. The 
annealing process at the beginning of each MD simulation 
is responsible for the minor peaks on the right side of Figure 
16.19. The major peaks (labeled as 3, 2, 1 in Figure 16.19) 
are contributed by the distinct puckering supercells sampled 
while MD simulations achieving equilibrium at constant T. 
Correspondingly in Figure 16.18, autocorrelation functions 
reach an asymptotic state after around 7.0 ps. Thus, each of 
these three peaks in Figure 16.19 demonstrates a basin on 
the PEL of amorphous graphene. A series of nearly degen-
erate quenched minima are trapped in distinct basins on the 

PEL, forming a continuum metastable state around inherent 
structures. Details of the topological variations are discussed 
in Reference 40. The average total energy variation between 
these basins corresponding to the three major peaks in Figure 
16.19 is around 1.405 × 10−3 eV, and these quenched configu-
rations belonging to distinct basins share identical local bond-
ing. The only difference is that they pucker in unique ways. 
Parallel calculations of 836 a-g1 reveal close agreement with 
the results of 800 a-g as stated above.

Analogous calculations using a 64-atom model of a-Si 
reveal that PEL of 3D (three-dimensional) system (a-Si) is 
smooth consisting of one general basin [40]. By investigating 
the correlation between topology and energy level of these 
quenched minima, it appears that lower total energy (more 
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FIGURE 16.17 Correlation between the total energy per atom 
and magnitude of puckering for constant temperature MD simula-
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a-g model. (Y. Li and D. A. Drabold: PSSB. 2013. 250, 1012–1019. 
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stable state) corresponds with more puckered (higher sur-
face roughness) configurations with minute variation in bond 
lengths and angles from the original flat 800 a-g model.

16.7.5 phonon caLcuLation

To study vibrational properties of amorphous graphene, cal-
culations of the dynamical matrix, eigenvalues and eigenvec-
tors are performed for the original flat 800 a-g and 836 a-g1 
models, and their puckered derivatives. The dynamical matrix 
was constructed from finite difference calculations (using 
six orthogonal displacements of 0.04 Bohr for each atom). 
Phonon calculation has also been performed for an 800-atom 
crystalline graphene model (800 c-g). Although there exist 
certain topological difference between 800 a-g and 836 a-g1, 
their vibrational properties are consistent with each other, as 
well as their puckered derivatives. In what follows, we will 
emphasize on the results of 800 a-g model.

For the puckered configurations of 800 a-g model, we 
focus on two quenched configurations with certain regions 
puckering in opposite directions, designated “pucker-up” and 
“pucker-down” models, as shown in Figure 16.20.

16.7.5.1 Vibrational Density of States
The vibrational density of states (VDOS) of 800 c-g model, 
pucker-up and pucker-down 800 a-g models are shown in 

Figure 16.21. The VDOS of crystalline graphene shows great 
agreement with a published result [43]. In Figure 16.21, the 
spectrum of crystalline graphene reaches a minimum at a fre-
quency near 1375 cm−1, whereas the spectrum of two puckered 
amorphous configurations achieve a local maximum. Thus, 
Raman scattering experiments could provide a way to distin-
guish crystalline and amorphous phases of graphene. While 
dealing with a mixed sample containing 3D amorphous car-
bon, this alternation from ordered graphene near 1375 cm−1 
might not be very helpful, since in various phases of a-C (with 
varying sp2/sp3 ratio) many modes have been observed near the 
relevant energy [44–46]. Between pucker-up and -down 800 
a-g models there is no significant difference in the spectrum.

16.7.5.2 Vibrational Modes
In both the original flat 800 a-g and 836 a-g1 models, there 
exist eigenvectors with imaginary eigenvalues, whose com-
ponents along the normal direction of the graphene plane 
is much larger than the other ones (at least four orders of 
magnitude higher than longitudinal ones). Two examples of 
these imaginary-frequency modes are given in Figure 16.22. 
It appears these modes are localized on pentagons in the 
configurations. According to previous discussion in Section 
16.7.3.1, pentagons are the origin of puckering and symme-
try breaking. Thus, these imaginary-frequency modes give us 
clean evidence about the pentagon-induced instability of the 
flat amorphous graphene models.

In the puckered models, modes with very low frequency, 
around 14–20 cm−1, have been observed. These modes remind 
us of “floppy modes” proposed by Phillips and Thorpe 
[47,48]. These low-frequency modes are rather extended, 
and have weight on pentagonal puckering regions and large 
rings, as shown in Figure 16.23. This is consistent with the 
results obtained by Fedders and Drabold in a-Si:H [41]. The 
lowest-frequency acoustic phonon modes in an identical sized 
crystalline graphene model are almost twice larger than the 
energy scale of these low-frequency modes in amorphous 
graphene, which is around a few meV. As pointed out by the 
theory of “two-level systems,” there exists a distribution of 
low-energy excitations, caused by tunneling of atoms between 
nearly degenerate equilibrium states [49,50]. As mentioned in 
Section 16.7.4, the energy variations between minima within 
one basin is in the order of 10−4 eV, and the energy difference 
between basins is in the order of 10−3 eV [40]. Then the energy 
of these low-frequency modes (meV) is sufficient to cause 
conformational variations around one minima (within one 
basin), but not high enough to overcome the barrier between 
different basins on PEL.

FIGURE 16.21 Side view of pucker-up and -down 800 a-g models. Gray balls and sticks illustrate pucker-up model, and pucker-down 
supercell is represented by the mesh. (Y. Li and D. A. Drabold: PSSB. 2013. 250, 1012–1019. Copyright Wiley-VCH Verlag GmbH & Co. 
KGaA. Reproduced with permission.)
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and -down a-g models. (Y. Li and D. A. Drabold: PSSB. 2013. 250, 
1012–1019. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
Reproduced with permission.)
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In the high-frequency range, we observe some highly 
localized high-frequency modes, which is due to pentago-
nal defects [40]. This is consistent with the observation of 
Biswas et  al. [51] and Fedders et  al. [52], who have con-
cluded that strain and topological defects are active at high 
frequencies.

16.8 CONCLUSION

In summary, positive curvature opens up a HOMO–LUMO 
gap in fullerenes. For carbon nanotubes, their electronic 
properties strongly depend on the chiral indices. However, 
the influence of negative curvature on DOS is reduced by 

100
30

40

50

10

20

30

x
2010

x

y y

Flat 800 a-g freg = −283.843 cm–1 Flat 800 a-g freg = −272.661 cm–1

0.2720
0.1675
0.06300
−0.04150
−0.1460
−0.2505
−0.3550
−0.4595
−0.5640

0.3720
0.2715

0.07050
0.1710

−0.03000

−0.2310
−0.1305

−0.3315
−0.4320

FIGURE 16.22 Two examples of imaginary-frequency modes in flat 800 α-g model. The contour plot represents the component of eigen-
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increasing schwarzite unit cell size, and the difference of 
DOS between large schwarzite and crystalline graphene 
diminishes. For both positively and negatively curved carbon 
allotropes, the bigger the closed cage is, the lower the total 
energy per atom will be.

For amorphous graphene, the presence of pentagons and 
heptagons induces extensive states around Fermi level, and 
pentagons increase the sensitivity of whole system to external 
distortions leading to puckered states. A series of MD and 
quenching simulations suggest these puckered states corre-
spond to distinct local minima on PEL of amorphous gra-
phene, whose boundaries can be overcome by heating up the 
system. Each basin on PEL is associated with a continuum of 
bond length, bond angles, and energy scale, which is consis-
tent with the studies of a-Si:H in 1996 [42].

Vibrational calculations reveal the existence of localized 
imaginary-frequency modes in flat 800 a-g model, which are 
localized on pentagons and play the key role in breaking pla-
nar symmetry. Delocalized low-frequency phonon modes, 
akin to floppy mode, have substantial weight on pentagonal 
puckering regions and are triggered by the transition between 
adjacent basins on the PEL.
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17 3D Macroscopic Graphene Assemblies

Marcus A. Worsley, Juergen Biener, Michael Stadermann, 
and Theodore F. Baumann

ABSTRACT

Integration of 2D graphene sheets into 3D macroscale archi-
tectures is critical in realizing the full potential of graphene 
sheets in macroscale devices and applications. Several fab-
rication strategies for building these architectures have 
emerged, and they fall into two categories: (1) top-down and 
(2) bottom-up approaches. Top-down approaches involve 
synthesis of the graphene and network simultaneously from 
polymer or gaseous precursors. Techniques such as sol–gel 
chemistry and chemical vapor deposition growth fall into this 
category. Bottom-up techniques begin with a graphene pre-
cursor such as graphene oxide (GO) sheets and then uses vari-
ous strategies to assemble them into a network. Chemical and 
hydrothermal gelation/reduction of GO suspensions falls into 
this category. This chapter summarizes the various strategies 
for fabricating these novel structures and shows how they pro-
duce graphene architectures with unique properties such as 
high electrical conductivities, large surface areas, exceptional 
mechanical properties, a wide range of densities, and more. 
Owing to these unique properties, incorporation of these 
novel assemblies in macroscale systems results in enhanced 
and/or novel performance in a wide range of applications, 
including energy storage, catalysis, actuators, electronics, and 
desalination.

17.1 INTRODUCTION

Individual graphene sheets possess a number of remarkable 
properties, including extremely low electrical and thermal 
resistivity [1], large carrier mobility [2], high surface area [3], 
and exceptional mechanical elasticity [4]. As such, graphene 
and graphene-based materials hold technological promise in 

the areas of energy storage [5,6], electronics [7,8], compos-
ites [9], actuators [10], and sensors [11,12]. Realizing the full 
potential of graphene in these applications, however, requires 
the design of bulk multifunctional architectures that retain the 
exceptional properties of graphene. Unfortunately, fabricating 
3D macroscopic graphene assemblies that retain the proper-
ties of 2D graphene sheets has not been trivial. Early synthetic 
schemes relied on physical interactions (i.e., van der Waals 
forces) between graphene sheets to stabilize the network 
structure. This approach produced low-density (<100 mg/
cm3) 3D graphene assemblies with fairly low Young’s moduli 
of ~102 kPa and electrical conductivities of ~5 × 10−1 S/m [13–
17]. Though the individual graphene sheets may still exhibit 
more exceptional values on the microscale, it is the link 
between the sheets that dominates the properties on the mac-
roscale. The first covalently bonded 3D graphene assemblies 
showed comparatively higher electrical conductivities [18,19] 
and Young’s moduli [18], but the surface areas of these mate-
rials were well below 1000 m2/g—less than half the theoreti-
cal value for a single graphene sheet. Thus, strengthening the 
interactions between the sheets translated into an improve-
ment in bulk properties, but the sheets were not sufficiently 
exfoliated in the 3D assembly to take advantage of the huge 
surface area present in the 2D sheet. To address these issues, a 
number of different approaches have been tested for the fabri-
cation of 3D macroscopic graphene assemblies [13–16,18–21] 
(Table 17.1). We recently reported the synthesis of 3D gra-
phene assemblies with high electrical conductivity [22–25], 
modulus [23,25,26], and surface area [23,24,26,27]. These 
graphene assemblies were produced using two different strat-
egies: (1) top-down and (2) bottom-up. Top-down approaches 
involve synthesis of the graphene and network simultaneously 
from polymer or gaseous precursors. Techniques such as 
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sol–gel chemistry and chemical vapor deposition growth fall 
into this category. Bottom-up techniques, on the other hand, 
begin with a graphene precursor such as graphene oxide (GO) 
sheets and then uses various strategies to assemble them into 
a network. Chemical and hydrothermal gelation/reduction of 
GO suspensions falls into this category. This chapter summa-
rizes the various strategies for fabricating these novel struc-
tures and discusses how to produce graphene architecture 
with unique properties such as high electrical conductivities, 
large surface areas, exceptional mechanical properties, a wide 
range of densities, and more. Furthermore, the incorporation 
of these novel assemblies in macroscale systems is demon-
strated, giving enhanced and/or novel performance in a wide 
range of applications, including energy storage, desalination, 
actuators, electronics, and catalysis.

17.2  TOP-DOWN SYNTHESIS: POLYMER-
DERIVED NANOGRAPHENE

One approach to the design of 3-D graphene materials utilizes 
highly cross-linked organic polymer gels as scaffold struc-
tures for the construction of monolithic graphene assemblies 
[26–28]. With this “top down” approach, highly cross-linked 
organic polymer gels are converted into 3-D graphene assem-
blies through a series of high-temperature carbonization 
and activation process (Figure 17.1). One advantage to this 
approach is that the bulk properties of the graphene assem-
bly (i.e., surface area, porosity, mechanical strength) can 
be controlled by the temperature and atmosphere used dur-
ing carbonization as well as the composition of the polymer. 

In addition, this process is relatively inexpensive, scalable, 
and yields mechanically robust, centimeter-sized monolithic 
samples that are comprised almost entirely of interconnected 
networks of single-layer graphene nanoplatelets, and were 
therefore dubbed “nanographenes” (nG).

The starting point for fabrication of these materials is a 
macroporous polymer structure prepared by the catalyzed 
sol–gel polymerization of organic precursors. While a variety 
of multifunctional monomers have been utilized for sol–gel 
polymerization chemistry [29–33], the polymer gels used for 
the nanographene are derived from resorcinol (1,3-dihydroxy-
benzene) and formaldehyde. In this particular system, the res-
orcinol serves as the multifunctional monomer that contains 
three reactive sites at the 2, 4, and 6 positions on the benzene 
ring [34]. The resorcinol reacts with formaldehyde in aqueous 
solution, initiated by a catalyst to form mixtures of addition 
and condensation products. The formation of the resorcinol–
formaldehyde (RF) reaction products involves two main 
steps: (1) addition of the formaldehyde to resorcinol to form 
hydroxymethyl derivatives and (2) subsequent condensation 
of these hydroxymethyl derivatives to form methylene and 
methylene ether bridges between resorcinol molecules. These 
reactions then lead to the formation of colloidal polymer spe-
cies that crosslink to form the extended 3-D gel network. The 
amount and type of catalyst used in the polymerization reac-
tion dictates the size, shape, and connectivity of the primary 
network particles and, therefore, can be used to influence the 
structural properties of the resultant polymer. It was observed 
that acid catalysts, such as acetic acid, yield a macroporous 
structure that exhibits enhanced mechanical integrity relative 
to porous polymer structures prepared with basic catalysts, 
such as sodium carbonate.

The monolithic polymer gel is then dried and converted 
into graphitic carbon foam through pyrolysis under an inert 
atmosphere. This carbonization step yields a porous sp2-
bonded carbon network (density ~550 kg/m3) comprising both 
amorphous regions and multilayer graphene nano-platelets 
(Figure 17.1) [26]. The monolithic nanographene is obtained 
by preferentially etching away the more reactive amorphous 
carbon components and partial etching of multilayer graphite 
components. The challenge to this process step is to preserve 
the macroporous architecture of the foam while uniformly 
etching throughout the bulk of the material, yielding large 
and uniform monoliths. The required homogeneous etch-
ing is achieved by thermal activation, a process that involves 

Pyrolysis

Graphite
nanoplatelets

Macroporous
polymer

3D-nG 0.2−10 μm

Etching

FIGURE 17.1 Schematic of the polymer-based top-down synthesis approach.

TABLE 17.1
Summary of Graphene Macroassemblies

Scheme Gel Type Precursor Reference

Top-down Aerogel RF [26,27]

Top-down CVD foam CH4 + Ni foam [19]

Bottom-up Aerogel GO [18,23,24]

Bottom-up Xerogel GO [25]

Bottom-up Aerogel GO + RF [22]

Bottom-up Aerogel GO + metal ion [15]

Bottom-up Hydrogel GO [13,14]

Bottom -up Cryogel GO [17]

Bottom-up Cryogel GO + CNT [16]
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controlled carbon burn-off in an oxidizing atmosphere at 
elevated temperatures. For etching of the polymer-derived 
carbons, carbon dioxide using the Boudouard equilibrium 
(C CO CO)+ 2 2�  proved to be most effective as the low 
reactivity of CO2 provides uniform preferential removal of 
more reactive components throughout monolithic samples. A 
typical activation is carried out under flowing CO2 at 950°C 
for several hours (Figure 17.1). The yield of nanographene 
from the CO2 activation process is typically ~25%–30%, 
based on the weight of the starting carbon foam. Not surpris-
ingly, the surface area of the nanographene increases with 
the degree of activation, yielding materials with BET surface 
areas in excess of 3000 m2/g [27]. Despite the high surface 
area, the polymer-derived nanographene has a relatively high 
density (~200 kg/m3, ~9% of the full density of bulk graphite) 
that makes the material mechanically very robust as demon-
strated by nanoindentation tests that revealed modulus E and 
Meyer hardness values of 300–800 MPa and 20–80 MPa, 
respectively [26]. These values are 30–100 times higher than 
the highest values reported for graphene aerogels prepared by 
other methods (see next section).

The conversion of the graphitic carbon foam to nanog-
raphene can be followed by x-ray diffraction (XRD). The 
absence of the stacking-related (002) diffraction peak in the 
XRD pattern for activated nanographene material indicates 
the transition from a structure containing graphite nano-plate-
lets to one consisting of single layer graphene (Figure 17.2). 
The in-plane crystallite size (La) of the graphene sheets is 
2–5 nm as obtained by a Debye–Scherrer analysis of the 
(100) diffraction peak. These results are further confirmed by 
high-resolution transmission electron microscopy (HRTEM) 
and Raman spectroscopy. Examination of the material by 
HRTEM reveals short length, linear features which, due to 
their extremely small lateral extension and spacing, can be 
identified as individual graphene sheets viewed edge-on 

(Figure 17.3). Consequently, the skeletal network of the mate-
rial consists almost entirely of curved and intertwined mono-
layer graphene sheets; only in a few regions stacks of multiple 
(mostly just twin) graphene layers are observed. The Raman 
features for the graphene assembly are similar to those 
observed for commercial graphene samples grown by chemi-
cal vapor deposition (Figure 17.4). Analysis of the D/G band 
ratio (~3) suggests La values around ~5 nm (based on the 
Tuinstra–Koenig relationship). The broadness of the Raman 
D band indicates considerable bond disorder such as the pres-
ence of 5- and 7-membered rings within individual sheets. 
These defects explain the curved appearance of the graphene 
sheets in HRTEM images.

Filled and empty electronic states can be probed by soft-
x-ray emission (SXE) and x-ray absorption spectroscopy 
(XAS), respectively. The SXE/XAS spectra for polymer-
derived nanographene are very similar to those recorded from 
highly oriented pyrolytic graphite (HOPG) (Figure 17.5). 
This confirms that this material is composed primarily of 
sp2-bonded carbon, and that the states near the Fermi level 
have π/π* character. Significantly, the spectra collected from 
HOPG and the nanographene exhibit a comparable degree of 
overlap between filled (SXE) and empty (XAS) states at the 
Fermi level, suggesting that the nanographene is a semi-metal 
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FIGURE 17.2 XRD data confirming the transformation of the 
initial multilayer graphene component to one that is dominated by 
single-layer graphene.
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FIGURE 17.3 HRTEM images of nanographene.
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although one must exercise caution in inferring ground state 
properties from the XAS and SXE spectra due to the core–
hole effects.

17.3  BOTTOM-UP SYNTHESIS: GO-DERIVED 
GRAPHENE ASSEMBLIES

Another approach to graphene assembly utilizes organic sol–
gel chemistry [31] to covalently cross-link GO sheets. Instead 
of using sol–gel chemistry to glue the GO units together, these 
3D graphene architectures are prepared by using the chemical 
functionality of GO to directly cross-link the network struc-
ture. The various functional groups (e.g., epoxide, hydroxide) 
abundant in GO sheets serve as chemical cross-linking sites 
for the 3D macroassembly network. Upon thermal reduction, 

these cross-links are transformed into conductive carbon 
bridges that provide structural support for the assembly, while 
also limiting aggregation of the individual graphene sheets. A 
key feature of this approach is a 3D graphene assembly that 
is highly crystalline. The crystallite size depends on the size 
of the GO units, which is usually in the order of microns [24]. 
As such, these materials exhibited electrical conductivities 
and mechanical properties that were significantly higher than 
those of physically cross-linked structures of comparable den-
sity. In addition, the bulk properties of the graphene assem-
blies (porosity, surface area, conductivity) can be controlled 
through the cross-linking chemistry [24].

These 3D graphene assemblies are prepared by gelation of 
an aqueous GO suspension (1–2 wt%) under basic conditions. 
In a glass vial, 3 mL of the GO suspension are mixed with 
500 μL concentrated NH4OH. The vial is then sealed and 
placed in an oven at 85°C overnight. The resulting wet gel is 
washed in deionized water to purge NH4OH followed by an 
exchange of water with acetone inside the pores. Supercritical 
CO2 is used to dry the gels that are then converted into the 
final 3D graphene macroassembly by pyrolysis at 1050°C 
under nitrogen. Typical densities of the black monoliths are in 
the range of 60–100 mg/cm3.

Solid-state nuclear magnetic resonance (NMR) char-
acterization has been used to gain insight into the types of 
functional groups in GO involved in the cross-linking pro-
cess as well as to follow the reduction of GO to graphene 
(Figure 17.6a). The GO powder contains significant epoxide 
and hydroxyl functionality as evidenced by numerous peaks 
between 50 and 75 ppm, as well as carbonyl groups (168 ppm) 
and sp2 carbon (123 ppm) in its 13C NMR spectrum. These 
peaks and assignments are consistent with the existing lit-
erature [35]. After gelation, the epoxide, hydroxyl, and car-
bonyl peaks are virtually eliminated and an aliphatic carbon 
peak (26 ppm) appears. The disappearance of the large peaks 
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FIGURE 17.6 13C and 1H NMR spectra for GO powder, GO after initial gelation, and 3D graphene macroassembly. (Worsley, M.A. et al., 
Mechanically robust 3D graphene macroassembly with high surface area. Chemical Communications, 2012. Reproduced by permission of 
The Royal Society of Chemistry.)

3D-nG
HOPG

Unoccupied
electronic states

Occupied
electronic states

Photon energy (eV)

SX
E 

sig
na

l (
ar

b.
 u

ni
ts

)

XA
S 

sig
na

l (
ar

b.
 u

ni
ts

)

295290285280275

π

π∗

FIGURE 17.5 Valence and conductance band structure of 3D-nG 
(2800 m2 g−1) and a freshly cleaved highly oriented pyrolytic graph-
ite standard probed by SXE (left) and XAS (right), respectively. The 
SXE excitation energy was set at 300.5 eV.



2673D Macroscopic Graphene Assemblies

between 50 and 75 ppm in the gel suggests that epoxide and 
hydroxyl groups are involved in the cross-linking mechanism. 
Conversely, the emergence of the aliphatic carbon (sp3) peak 
suggests that –CH2- and/or –CH2O- are formed during gela-
tion. The –CH2- and –CH2O- moieties likely function as the 
cross-links that support the initial 3D GO network similar 
to the cross-links formed in RF sol–gel chemistry to form 
organic gels [34,36]. 1H NMR spectra (Figure 17.6b) for the 
sample after gelation also support the presence of –CH2- and 
–CH2O- moieties with peaks at 0.9 and 3.1 ppm. The presence 
of –CH2O- moieties is further supported by energy-disper-
sive x-ray (EDX) analysis, which measured 11 at% oxygen 
remaining in the initial aerogel. After pyrolysis, only the sp2 
carbon peak remains, suggesting that the sp3 carbon cross-
links were thermally converted into conductive sp2 carbon 
junctions, again analogous to the carbonization process that 
occurs during the pyrolysis of RF-based gels. The 1H NMR 
spectrum (Figure 17.6b) supports the conversion of the –CH2- 
and –CH2O- moieties by virtual elimination of those peaks 
in the thermally treated sample. Finally, the reduction of car-
bon is confirmed by an oxygen content of less than 2 at%, as 
determined by EDX, in the final graphene assembly. The low 

heteroatom concentration and predominance of sp2 carbon is 
also supported by XAS results [24].

Field emission scanning electron microscopy (FE-SEM) 
has been used to determine the microstructure of the 3D gra-
phene. These FE-SEM images (Figure 17.7) show that the 3D 
graphene monolith has a sheet-like microstructure similar to 
that reported in other graphene assemblies. In particular, the 
morphology resembles that of an RF-free graphene assem-
bly reported to have a surface area in excess of 1000 m2/g, 
presumably due to minimal thickness of graphene sheets 
[24]. Nitrogen porosimetry results for the material are con-
sistent with the morphology revealed by FE-SEM. The nitro-
gen adsorption/desorption isotherm shown in Figure 17.8a is 
Type IV, indicative of a mesoporous material. The observa-
tion of a Type 3 hysteresis loop (IUPAC classification) at high 
relative pressure is consistent with other 3D graphene mate-
rials, but the increased magnitude of the loop is indicative 
of a much larger pore volume than those reported for other 
graphene assemblies. The BET surface area for this type of 
graphene macroassembly is ~1300 m2/g or roughly half of 
the theoretical value expected for a single graphene sheet. 
The surface area is thus much higher than those of graphene 
assemblies made using sol–gel chemistry [22] suggesting that 
layering/overlapping of sheets can be significantly reduced 
by direct cross-linking. The reduction in layering of sheets 
is also consistent with an XRD pattern that lacks a strong 
(002) peak at ~28° (graphite interlayer spacing). The pore 
size distribution (Figure 17.8b) shows that much of the pore 
volume (4.0 cm3/g) lies between 3 and 10 nm, with a peak 
pore diameter at 6 nm. Finally, these textural properties can 
be modified via synthetic parameters (e.g., concentration of 
GO, RF, catalyst, etc.) [24].

The mechanical behavior of the 3D graphene macroas-
semblies has been determined by flat-punch nanoindenta-
tion. Figure 17.9 shows the stress vs. strain plot, revealing a 
mechanical behavior qualitatively similar to that of a carbon 
nanotube (CNT)-based assembly reported by Shin et al. [37]. 

(b)(a)
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FIGURE 17.7 FE-SEM images of the 3D graphene macroas-
sembly at (a) low and (b) high magnification. (Worsley, M.A. et al., 
Mechanically robust 3D graphene macroassembly with high surface 
area. Chemical Communications, 2012. Reproduced by permission 
of The Royal Society of Chemistry.)
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Loading is characterized by an initial linear–elastic region, fol-
lowed by a pronounced nonlinear–elastic region. Both shape 
and volume of the monolith are completely restored after the 
load is removed. Failure is indicated by a sudden jump of the 
strain at a constant stress (a “pop-in” event). Stress and strain 
at the initial stage of the first pop-in event can be assigned to 
the failure of stress and failure strain, respectively [37]. The 
graphene assembly has a Young’s modulus of 51 ± 12 MPa, 
which is orders of magnitude higher than those reported for 
graphene assemblies made by other methods [13–15,18]. In 
addition to being extraordinarily stiff, the 3D graphene mono-
liths exhibit super-compressive behavior with failure strains 
of 57 ± 21% and a complete recovery for lower strains. The 
failure stress is 10.4 ± 3.9 MPa. These values of failure stress 
and strain are comparable to those of CNT-based aerogels of 
the same density (100 mg/cm3). These remarkable mechani-
cal properties seem to be a consequence of the robustness and 
preponderance of sp2 carbon cross-links between graphene 
sheets in combination with the excellent mechanical proper-
ties of the graphene sheets themselves.

Bulk electrical conductivity of the 3D graphene macroas-
sembly, evaluated by the four-probe method, was measured 
at 100–200 S/m. This is consistent with carbon junctions 
cross-linking graphene sheets [22] and is orders of magni-
tude higher than for graphene assemblies made via physical 
cross-links. Cyclic voltammetry (CV) was used to character-
ize the energy storage capabilities of the graphene assemblies 
in aqueous electrolyte (5 M KOH). At low scan rates, the 
CVs exhibit the typical rectangular shape expected for pure 
double-layer capacitors like conventional carbon aerogels, as 
well as CNT and graphene assemblies. Analysis of the CVs 

measured at low scan rates reveals a maximum capacitance 
of 165 F/g. Remarkably, the 500 μm thick 3D graphene elec-
trode was able to maintain greater than 50% of its maximum 
capacitance (89 F/g) up to 100 mV/s, indicating an exception-
ally fast charge/discharge capability. The 3D graphene has a 
maximum energy density of 27 Wh/kg and a maximum power 
density approaching 10 kW/kg. Further optimization of the 
electrodes, such as using thinner electrodes (e.g., 100 μm vs. 
500 μm thickness), and electrolyte (e.g., inorganic vs. aque-
ous) could push the power and energy densities to ~102 kW/
kg and ~102 Wh/kg, respectively. These observations illustrate 
the potential of 3D graphene for energy storage applications.

In summary, we have developed 3D graphene macroassem-
bly materials using two general methods: (1) top-down and (2) 
bottom-up. The top-down methods used a sol–gel chemistry 
to simultaneously synthesize a network of nanographene. The 
bottom-up method began with GO sheets that were directly 
cross-linked into a macroassembly and reduced to graphene. 
Both methods produced novel structures with unique proper-
ties such as high electrical conductivities, large surface areas, 
and exceptional mechanical properties. In the next section, 
the incorporation of these novel assemblies into macroscale 
systems is demonstrated, giving enhanced and/or novel per-
formance in a wide range of applications such as hydrogen 
storage, batteries, supercapacitors, desalination, actuators, 
electronics, and catalysis.

17.4 APPLICATIONS

17.4.1 hydroGen storaGe

One area of carbon research that has received significant 
attention is the use of porous carbon materials as sorbents for 
hydrogen [38–42]. Safe and efficient storage of hydrogen is con-
sidered one of the main challenges associated with utilization 
of this fuel source in the transportation sector [43]. Two impor-
tant criteria required for effective hydrogen physisorption are 
(1) a high surface area that exposes a large number of sorption 
sites to ad-atom or ad-molecule interaction [44] and (2) suffi-
ciently deep potential wells so that the storage material can be 
utilized at reasonable operating temperatures. Porous carbons 
are promising candidates for hydrogen physisorption due to 
their lightweight frameworks and high accessible surface areas. 
The low hydrogen binding energies, however, that are typical of 
carbonaceous sorbents (~6 kJ/mol H2), require that cryogenic 
temperatures (77 K) be utilized for storage of hydrogen in these 
materials. In general, the amount of surface excess hydrogen 
adsorbed on porous carbons at 77 K and ~3.5 MPa varies lin-
early with BET surface area, and the gravimetric uptake is ~1 
wt% H2 per 500 m2/g of surface area [42,45].

The ultra-high surface area, polymer-derived nanographene 
assemblies were originally developed for use as hydrogen 
physisorbents [27,46]. These materials, as described above, 
were prepared via the top-down approach, simultaneously 
building the network and graphene from polymer precur-
sors. Activation with CO2 then yields nanographene sorbents 
with BET surface areas in excess of 3000 m2/g. Presumably, 

Indentation strain (%)

130 mg/cm3 Carbon aerogel

100 mg/cm3 Graphene assembly
130 mg/cm3 CNT assembly

In
de

nt
at

io
n 

st
re

ss
 (M

Pa
)

50

40

30

0
0

10

20

500400300200100

FIGURE 17.9 Representative load-displacement (stress-strain) 
curve of the 3D graphene assembly (with a density of 100 mg/cm3) 
indented with a flat punch tip with a diameter of 62 μm. Indentation 
was performed as a series of loading cycles with increasing maxi-
mum loads and complete unloading at the end of each load cycle. 
(Worsley, M.A. et al., Mechanically robust 3D graphene macroas-
sembly with high surface area. Chemical Communications, 2012. 
Reproduced by permission of The Royal Society of Chemistry.)
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edge termination sites constitute a substantial fraction of the 
surface area in these activated nanographenes, as is the case 
for traditional high surface area activated carbons. Hydrogen 
uptake at 77 K in the activated nanographenes scaled linearly 
with the BET surface area up to 2500 m2/g, yielding gravi-
metric densities up to 5 wt% H2 (Figure 17.10), comparable 
to the highest values measured in porous carbons [42]. Above 
2500 m2/g, the differential increase in the hydrogen storage 
capacity is smaller than expected, likely due to increase in 
the pore size in this ultra-high surface area material. Previous 
studies have shown that size and shape of the pores in hydro-
gen physisorbents play a critical role in hydrogen uptake, with 
the optimal structure having slit-shaped pores with diameters 
between 0.7 and 1 nm [47,48]. As shown in Figure 17.11, the 
activation process not only increases the surface area of the 
sorbent, but also shifts the pore size distribution to larger val-
ues. In addition to gravimetric capacity, volumetric capacity 
is an equally important consideration in the design of func-
tional hydrogen sorbents. Depending on the density of the 
nanographene, the volumetric capacity of these materials can 
range from 10 to 29 g H2/L [46]. While these values are on par 
with those of other porous carbon materials, further optimiza-
tion of nanographene pore structure is required for increased 
hydrogen energy density.

The hydrogen binding enthalpies measured for the acti-
vated nanographenes were ~6 kJ/mol, as would be expected 

for a carbon-based sorbent. As mentioned above, the low-
binding energies associated with porous carbons are an 
obstacle to meeting capacity requirements at reasonable oper-
ating temperatures (>273 K). Previous work has shown that 
hydrogen adsorption energies near 15 kJ/mol, over the full 
range of surface coverage, are necessary to meet this require-
ment [49]. Numerous approaches have thus been employed to 
improve the thermodynamics of hydrogen binding in porous 
carbons while retaining large surface areas for sorption. The 
hydrogen spillover effect, for example, has been suggested 
as a mechanism to increase the reversible hydrogen storage 
capacity at room temperature in metal-loaded carbon nano-
structures [50–53]. The spillover process involves the disso-
ciative chemisorption of molecular hydrogen on a supported 
metal catalyst surface (e.g., platinum or nickel), followed by 
the diffusion of atomic hydrogen onto the surface of the car-
bon support. Alternatively, substitutional doping of carbon 
with boron or other light elements has also been presented as 
a promising route toward increasing hydrogen-binding energy 
in these sorbent materials [54,55]. The flexibility associated 
with nanographene synthesis allows for the incorporation of 
such modifiers into the carbon framework. For example, gas 
and solution phase deposition techniques have been developed 
that allow for the uniform incorporation of metal nanopar-
ticles into the carbon framework. The performance of these 
modified nanographenes as next-generation hydrogen storage 
materials is currently being evaluated.

Beyond their use as hydrogen sorbents, nanographenes have 
also been used to enhance the performance of other solid-state 
hydrogen storage materials, specifically complex hydrides, 
such as alanates (AlH4

−), amides (i.e., NH2
−), and borohydrides 

(BH4
−). Complex hydrides offer a number of advantages for 

the storage of hydrogen, including high gravimetric and volu-
metric hydrogen capacities [56,57]. The thermodynamics and 
kinetics associated with reversible hydrogen storage in these 
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systems, however, present significant obstacles to their utili-
zation as storage materials at reasonable operating tempera-
tures and pressures. Incorporation of complex hydrides into the 
free pore volume of a nanoporous solid or scaffold has been 
shown to improve the rates of both hydrogenation and dehy-
drogenation for these materials (Figure 17.12). The enhanced 
kinetics can be attributed to the shorter diffusion distances for 
hydrogen as well as the other elements (i.e., Li, B, etc.) in the 
nanostructured hydride. Practical application of the scaffold 
approach requires the design of porous solids with small pore 
sizes to physically confine the nanostructured hydride as well 
as large accessible pore volumes to minimize the gravimetric 
and volumetric capacity penalties associated with the use of 
the scaffold in a storage system. In addition, these scaffold 
materials should be chemically inert, mechanically robust, 
and capable of managing thermal changes associated with the 
cycling of the incorporated hydride. While a variety of porous 
matrices have been investigated as scaffolds [58–62], nanog-
raphenes have emerged as one of the most promising candi-
dates due to their large pore volume and tunable porosities, as 
well as for the ability to modify the surface characteristics of 
carbon framework. As described above, the pore structure of 
nanographenes can be controlled through the sol–gel polymer-
ization conditions (i.e., R/C ratio, concentration of reactants), 
allowing for the fabrication of monolithic scaffolds with large 
internal pore volumes distributed over nanometer-sized pores. 
Recent work by several groups has demonstrated the promise 

of the nanographene scaffolding approach with a number of 
different hydrogen storage materials. For example, incorpo-
ration of LiBH4 into nanographene scaffolds was shown to 
significantly enhance the rate of hydrogen exchange in the 
material relative to that of bulk LiBH4, and that the effect is 
inversely correlated with the average pore size of the scaffold 
(i.e., smaller pores yielding faster kinetics) [63]. In fact, the 
rate of dehydrogenation for LiBH4 was shown to increase by 
as much as 50 times at 300°C in a nanographene with 13 nm 
pores. Similar improvements in dehydrogenation kinetics were 
also reported for NaAlH4 incorporated into a small pore carbon 
scaffold [64,65]. In addition, the NaAlH4 within the scaffold, 
unlike bulk NaAlH4, could be readily rehydrogenated to full 
capacity at ~160°C under 100 bar H2. The desorption kinetics 
of other solid-state hydrogen storage materials, such as MgH2 
and NH3BH3, were also affected considerably when embedded 
within the pores of a carbon scaffold [66–70]. Despite these 
promising results, additional efforts in this area are necessary 
to better understand the influence of the porous carbon tex-
tural properties and surface chemistry on the performance of 
the incorporated hydride. Further optimization of the nanog-
raphene architecture is also required for the design of robust 
scaffolds that can accommodate larger weight fractions of the 
complex hydride. These structural refinements present a chal-
lenging trade-off in terms of porosity and mechanical prop-
erties. Increasing the pore volume in these scaffolds, while 
maintaining small pore sizes, requires that the walls defin-
ing the pore structure be very thin. The thickness of the wall 
structure, in turn, determines the mechanical integrity of the 
material. This aspect of scaffold design is an important consid-
eration, as these materials need to have sufficient mechanical 
strength to withstand the stresses associated with infiltration 
and cycling of the hydride. The recent development of bottom-
up graphene assemblies with both large pore volumes, small 
pore sizes, and mechanical robustness represent a promising 
option for improving the performance of metal and chemical 
hydride systems that is currently under evaluation.

17.4.2 Batteries

3D graphene assemblies show promise in several battery appli-
cations. Recently, graphene and metal-oxide functionalized 
graphene has been heavily investigated for use as anode in 
Li-ion batteries. These materials boast very high capacities of 
up to 1000 mAh/g, but in some cases show lower voltages and 
lower charge efficiencies. Even on metal-oxide functionalized 
anodes, the carbon appears to be involved in the charge stor-
age, but the storage mechanism yet remains to be explained.

Graphene assemblies may also find future use in batteries 
as current collectors with tunable porosities [26,71,72] or scaf-
folds for 3D intercalated batteries [73]. In the first function, 
they provide advantages for the power density of the device: the 
tunable porosities can be used to minimize diffusion resistance 
while maintaining a constant surface area, thus reducing inter-
nal resistance as well as polarization potentials and increasing 
the power density of the device. At the same time, the aerogel 
can function as a low-density current collector that is directly 
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FIGURE 17.12 Scaffolding approach involves the confinement of 
nanostructured hydride material within the free pore volume of a 
nanoporous scaffold material, such as a carbon aerogel. (Biener, J. 
et  al., Advanced carbon aerogels for energy applications. Energy 
and Environmental Science, 2011. 4(3): p. 656–667. Reproduced by 
permission of The Royal Society of Chemistry.)
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functionalized and eliminates the need for binder and filler, 
which increases conductance of electrode as well as the energy 
density. Graphene assemblies also provide a means to utilize 
lithium intercalation materials usually limited by large volu-
metric changes, such as Sn or Si, which would be coated onto 
the current collector in very thin layers or as nanoparticles or 
nanowires, and thus subjected to lower stresses [74,75]. The 
drawback to using macroscopic assemblies is that they are 
not compatible with current battery fabrication processes, and 
thus are not likely to be implemented unless substantial perfor-
mance improvements can be demonstrated.

17.4.3 supercapacitors

The most common application for 3D graphene in energy 
storage is in the electrical double-layer capacitor (EDLC) 
[76]. In these devices, charge is stored in the form of ions 
accumulated on the surface of the material (Figure 17.13), 
thus creating an intermediate between batteries and electro-
static capacitors [77]. The energy density is lower than that 
of a battery, but higher than that of an electrostatic capacitor. 
The inverse is true for power density. While the high-power 
density and cyclability make supercapacitors very attractive, 
their low-energy density and high cost has limited their appli-
cation so far.

Owing to their high surface areas and good conductivity, 3D 
graphene macroassemblies are ideal candidates for superca-
pacitors. However, surface area does not drive capacity alone: 

pore size plays an important role as well, and, if the assembly 
is used as a monolith, its density is important, too. As the pore 
size decreases, the area-specific capacitance decreases as well 
[78] as the access of solvated ions gets increasingly sterically 
hindered and part of the surface can no longer be utilized. 
Once the pores become smaller than the hydrated ion radius, 
the specific capacitance increases again due to the distortion 
and reduction in size of the ion solvation sheath of ions in sub-
nm pores [79]. Since the resistance of the device is dominated 
by the electrolyte, pore size, tortuosity, length, and shape of 
the pores all affect the resistance of the capacitor and thus its 
power density. Recent experiments have demonstrated that, 
while meso- and macro-scale pores are generally important 
for mass transport and power density, the macropore size can 
be reduced to 100 nm and less before there is a measurable 
impact on the resistance of the electrolyte.

In general, 3D graphene assemblies are ideally polariz-
able high capacitance electrodes. The specific capacitance 
depends on the synthesis route of the material. Materials that 
are derived from RF aerogels, whether they include fillers 
such as CNTs and graphene or not, appear to all fall on a simi-
lar curve (Figure 17.14). Materials derived from cross-linked 
GO do not fall on this curve, and instead maintain a specific 
capacitance of 12 μF/cm2. This difference may result from 
different pore-size distributions: the GO-derived material has 
significant populations of both meso- (10–100 nm) and micro-
pores (<2 nm), while the RF-derived material has primarily 
sub-nanometer and macropores (>100 nm), and increases in 
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surface area are attained by creating more small pores while 
gradually widening the larger pores.

One major drawback of 3D graphene materials for the 
EDLC application is their low density (<500 mg/cm3) that 
limits the achievable volumetric energy density. At these 
low densities, the energy density of the device is dominated 
by the mass of electrolyte that fills the pores, rather than the 
mass weight of the active material. A strategy to increase the 
material density that was recently shown to be effective with 
GO-derived material is compression of the material. The mac-
roassemblies could be compressed from 0.07 to 0.7 g/cm3 
without any decrease in specific capacitance or power density.

17.4.4 capacitive deionization

3D graphene macroassemblies also have considerable poten-
tial to significantly improve desalination efficiency through 
a technique known as capacitive deionization (CDI). Like 
the supercapacitor, CDI relies on the formation of an EDL 
to store charge (Figure 17.13). In CDI, however, the goal of 
the charge storage is not energy storage, but charge removal 
from the electrolyte: the electrolyte is sea water or brackish 
water flowing between the electrode pairs, and the charging 
of the electrodes and formation of the double layer signifi-
cantly depletes ions concentration in the electrolyte. CDI has 
potentially significant advantages over other, more conven-
tional, water desalination techniques such as reverse osmosis 
(RO): CDI does not require high pressures or large amount 
of infrastructure for efficient desalination, the materials are 
more robust than RO membranes, and the energy cost scales 
with the salinity of the feed solution.

Electrodes for CDI have different requirements than for 
supercapacitors. Capacitance is still important, as it deter-
mines the maximum salt concentration that can be desali-
nated with a single charge. However, electrode resistance 
is a lot more important here, since the energy consumption 
of the method is directly proportional to device resistance. 
Finally, for the recently developed flow-through electrode 
CDI, in which the feed passes directly through the electrodes 
rather than between them, the macropore size is also of criti-
cal importance, since it determines the pressure required for 
the process. 3D graphene macroassemblies fulfill all of these 
requirements and are ideally suited as CDI electrodes.

17.4.5  charGinG induced macroscopic effects: 
actuation and eLectrode resistivity

In the supercapacitor/desalination applications discussed 
above it was assumed that graphene-based electrodes are ide-
ally polarizable with no charge transfer across the electrode/
electrolyte interface, and that the only effect of the electrode/
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electrolyte interface polarization is an electron/cation accumu-
lation at negative applied potentials and an electron depletion/
anion accumulation at positive applied potentials. Potential-
induced effects on the electronic structure of the electrode 
beyond this simple electron accumulation/depletion are usually 
not considered despite the presence of very strong interfacial 
electric fields at the charged electrode/electrolyte interface. 
But even if the electronic structure does not change, electron 
accumulation/depletion can change the physical and chemical 
properties of the interfacial electrode surface layer as electrons 
are added to or removed from electronic states with bonding or 
antibonding character which, for example, can lead to a mac-
roscopic strain response. This effect that effectively converts 
electric energy into mechanical work and thus could be used for 
actuation [26,72] has first been observed for nanoporous met-
als [80]. More recently, a charge-induced macroscopic strain 
response has also been observed for graphene-based electrodes. 
Utilization of this charge-induced macroscopic strain effect 
for actuation requires a material that is mechanically robust 
and stiff to achieve a high mechanical work density, and has 
a high surface area for large strain amplitudes. This require-
ment makes 3D graphene assemblies very promising materi-
als for this application as they combine mechanical robustness 
with an ultra-high surface area: The exceptional mechanical 
properties of the structural building block graphene makes 
them mechanically robust and stiff, and the 2D structure of 
graphene provides the required ultra-high surface area. In the 
case of monolithic, polymer-derived nanographene materials 
reversible strain amplitudes as large as 2.2% (corresponding to 
a volume strain of 6.6%) have been achieved while cycling the 
potential between −1.0 V and +1.0 V (Figure 17.15) [10]. The 3D 
nanographene electrode expands during negative charging and 
contracts during positive charging. Both sign and the maximum 
value of the strain amplitude are in agreement with graphite 
intercalation data, where it was found that the C–C in-plane 
bond length increases if electrons are added into the graphite 
π bands and vice versa [81]. The strain amplitude is consider-
ably larger than those reported for CNT arrays [82], nanoporous 
metals [80], and piezoelectric materials [83]. Potential induced 
electron accumulation/depletion does also affect the conduc-
tivity of graphene-derived electrodes, and reversible charging 
induced conductivity changes of up to 300% have been reported 
[26]. This effect can be understood in terms of charge accumu-
lation/depletion induced shifts of the Fermi level toward regions 
with higher density of states.

17.4.6 cataLysis

3D graphene assemblies are also very promising nanomateri-
als for catalytic and electrocatalytic applications where they 
function as both advanced support and active catalyst itself. 
Most studies have focused on electrocatalysis, with special 
emphasis on the oxygen reduction reaction (ORR) that is of 
critical importance for fuel cells and metal-air batteries. But 
3D graphene assemblies have also been used as highly efficient 
and transparent counter electrodes for dye-sensitized solar 
cells [84] as well as catalyst materials for various oxidation 

reactions including the oxidation of nitric oxide and the ozo-
nation of organic compounds. As advanced support materi-
als, 3D graphene provides excellent electrical conductivity, 
high surface area, good chemical stability and, if required, 
optical transparency, all combined with a tunable open pore 
morphology that can be optimized for fast mass transport. 
For example, nitrogen-doped 3D graphene aerogels deco-
rated with Fe3O4 nanoparticles have shown excellent electro-
catalytic performance for the oxygen-reduction reaction [85]. 
3D graphene assemblies have also been used as metal-free 
catalysts mostly via modification by doping with heteroatoms 
such as B, N, and P [86–88]. Graphitic and pyridinic (edge 
sites) nitrogen centers seem to be responsible for the reported 
enhancement of the ORR activity of N-doped graphene-based 
catalysts [86,87]. Additional doping with B and P seems to 
further increase the ORR activity of N-doped graphene-based 
catalysts, and it was proposed that this is caused by reducing 
the band gap between the highest occupied (HOMO) and the 
lowest unoccupied molecular orbitals (LUMO) [86]. However, 
it needs to be emphasized that even undoped GO-derived gra-
phene materials show catalytic activity due to the presence of 
a large number of oxygen-containing functional groups and 
structural defects [89]. The advantage of 3D graphene over 
other more traditional carbon supports such as commercial 
carbon blacks is that their surface area, pore size, and pore 
volume can be tailored independently from each other [23,24]. 
Compared to polymer-derived carbon aerogels, 3D graphene 
also offers superior chemical stability due to its larger domain 
size, which also reduces electric losses in the electrode. If 
loading with another active catalyst material is desired, 3D 
graphene assemblies can be uniformly decorated with metal 
or metal oxide films/nanoparticles using atomic layer deposi-
tion [90] or wet chemistry deposition techniques [91–95].
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18 3D-AFM-Hyperfine Imaging of 
Graphene Monolayers Deposit on 
YBCO-Superconducting Surface

Khaled M. Elsabawy

ABSTRACT

The current investigations show a new approach in applying 
AFM microscopy to visualize real 3D-high-resolution imag-
ing of graphene layers deposited via chemical vapor deposi-
tion (CVD) technique (ICVD) on 123-YBCO superconducting 
surface. The accurate analysis of graphene surface topology 
indicated that the graphene thickness varies throughout the 
surface sample, which confirms that the rate of graphene 
deposition via CVD process is not unified. According to 
this information, we expect that conduction quality could be 
changed from point to point in the same surface of graphene 
deposit. Many of the structural and electrical parameters will 
be discussed and interpreted.

18.1 INTRODUCTION

Graphene has several interesting physical, electrical, and 
structural features owing to its exotic chemical properties 
and proposed applications in field-effect transistors, high-
speed analog electronics, ultra-sensitive chemical detectors, 
interconnects, and spintronic devices [1–9]. One of the major 
hurdles in graphene research is the difficulty of accurately 
counting the number of atomic layers in samples obtained by 
either mechanical exfoliation from bulk graphite or grown 
by some other means. The ability to see graphene on Si/SiO2 
substrates with a certain thickness of oxide layer in an optical 
microscope was instrumental in the initial boom in graphene 

research. At the same time, optical inspection has proven to 
be a rather difficult—if not impossible—technique to defini-
tively identify the number of layers of graphene. Typically, 
single and bilayer graphene flakes are outnumbered by much 
thicker graphene flakes, which make the search for graphene 
a formidable task. Atomic force microscopy (AFM) alone 
may not clearly identify the number of graphene layers. 
Other alternatives include low-temperature transport studies 
or cross-sectional transmission electron microscopy (TEM). 
The major disadvantages of these methods include lengthy 
and involved experimental or sample preparation procedures.

Recently, micro-Raman spectroscopy has become a con-
ventional technique for the identification and characterization 
of graphene layers [10–13]. It is a fast, nondestructive, high-
throughput, and unambiguous approach. The Raman spec-
trum of graphene is very sensitive to the number of atomic 
layers and the presence of disorder or defects, which allows 
for accurate graphene characterization. Most Raman spectro-
scopic studies of graphene have been carried out for graphene 
on standard Si/SiO2 substrates with 300 nm thickness of the 
oxide layer. These substrates ensured graphene visibility 
under optical microscopes.

Two techniques have shown a great potential for the accom-
plishment of such a task: the thermal decomposition of SiC 
surfaces [3] and [4], and CVD on catalytic metal surfaces 
[5] and [6]. However, they both have inherent drawbacks. 
The former allows the synthesis of epitaxial graphene on 
both (0 0 0 1) and (0 0 0 1) polar faces of hexagonal SiC, but 
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requires high temperatures (above 1300°C) and can obviously 
not be extended to another substrate. In addition, the con-
trolled growth of a desired number of graphene layers with 
complete thickness homogeneity is still a challenge. While the 
synthesis of homogeneous mono- or bilayer graphene on the (0 
0 0 1) C-face is difficult to achieve due to a fast sublimation of 
Si atoms, the formation of uniform and continuous few-layer 
graphene on the (0 0 0 1) Si-face has not been demonstrated so 
far. In the case of CVD synthesis on metals, the required trans-
fer onto nonmetallic substrates often leads to contamination of 
the graphene surface and the generation of structural defects, 
which degrade the electronic properties of the material. In 
recent works it was demonstrated, that CVD can be used to 
grow graphene directly on nonmetallic substrates [7–9].

It is well known that graphene is a single atomic layer of 
graphite, which can be epitaxially grown on substrates or 
exfoliated, and is now very well known to have outstand-
ing properties [14–23]. Because silicon carbide (SiC), a IV–
IV compound semiconductor, has a wide bandgap (ranging 
from 2.4 to 3.3 eV depending on polytype) [24,25], epitaxial 
graphene grown on a SiC substrate is promising for future 
electronics applications [26–29] and has indeed been added 
to the Roadmap of Semiconductor Technology. Such epi-
taxial growth on hexagonal 6H/4H-SiC(0001)/(0001) Si- and 
C-faces, and cubic 3C-SiC(100) has been shown to achieve 
graphene layers or nanoribbons [17–24,30,31]. Their atomic/
electronic structures and transport properties have been deter-
mined using advanced experimental techniques, and state-
of-the-art theoretical calculations [30–32]. On the C-face, 
graphene multilayers can be grown with each layer decoupled 
from one another [29,30], leading to unprecedented high car-
rier mobility of up to 250,000 cm2/Vs at room temperature 
[29–31] and 200,000 cm2/Vs elevated temperatures.

In contrast, a single graphene layer epitaxially grown on 
a C face SiC substrate has significantly lower mobility of 
20,000 cm2/Vs [29], possibly due to the poor quality of the 
graphene/SiC interface as a result of harsh graphene growth 
conditions. Strain is the driving force in SiC surface ordering, 
leading to complex surface reconstructions for both Si and C 
faces [32–39] leading to self-organized Si [40–44] and C [45] 
nanostructures but also to result in nano-crack defects [46]. 
Indeed, so far little is known about graphene/SiC interfaces 
where defects could affect the carrier transport properties.

The absence of an effective technology of fabrication 
of graphene is a serious obstacle holding down progress in 
experimental studies of graphene and graphene-based struc-
tures. Each of the methods employed presently in producing 
graphene films consisting of one or several graphene layers is 
plagued by severe limitations.

Graphene films prepared on the surface of silicon carbide 
by an appropriate thermal treatment in vacuum or a neutral 
atmosphere cannot be separated from the substrate that medi-
ates their electronic structure through interlayer coupling. 
Apart from this, the size of the uniform crystalline parts of 
such graphene films depends directly on the quality of the sili-
con carbide substrate surface and the accuracy with which it 
is oriented with respect to the basal crystal planes. Graphene 

film preparation on the surface of metals through segregation 
of the carbon dissolved in them or decomposition of vapors 
of hydrocarbons, a method enjoying presently considerable 
attention (it is by this approach that monolayer carbon films 
were originally obtained [3]), is also not free of fundamental 
limitations. In the first case, this method does not allow moni-
toring of the number of the deposited atomic layers, while in 
the second, it restricts the size of the graphene islands with a 
regular structure to that of crystallites on the metal surface.

In general, the isolation of monolayer graphene as a free-
standing material by different synthesizing techniques has 
enabled the investigation of the special physical properties 
arising from its linear band dispersion at the Dirac point. 
In addition, properties such as high charge carrier mobility, 
good optical transparency, and mechanical toughness makes 
it a promising material for microelectronic devices, transpar-
ent electrodes in optoelectronics, and a huge array of other 
potential applications that exploit the mechanical strength of 
this thinnest possible material. Some of these applications, 
for example, the use of graphene in TEM grids, are already 
commercial products. To develop the full potential of gra-
phene, the materials science of graphene has to be developed 
and the progress over the last few years has been breathtak-
ing. Now scientists have a very good basic understanding 
of how to synthesize large-scale wafers of graphene? what 
imperfections to expect in graphene? and what are the prop-
erties of these imperfections? Perhaps, most importantly for 
device applications, we have also started to understand the 
processing methods of graphene and are developing methods 
to modify graphene’s properties. Graphene is the ultimate 
“surface material” and therefore surface characterization 
methods will remain central in future studies of graphene. 
To date, most true surface science studies have been carried 
out on graphene supported on their growth substrate. This is 
because it allows the formation of a well-defined large area 
single crystal necessary for many surface science investiga-
tions. Furthermore, although the transfer of graphene from 
metal supports to other materials has become common prac-
tice for device fabrication, there is still an issue of contami-
nation of the graphene with, for example, polymer residues. 
Furthermore, a wafer-sized, single-grain graphene sample 
transfer to insulating/dielectric materials remains challeng-
ing. Although graphene on weak interacting metal supports is 
a good model system for investigating properties of graphene 
by surface science studies, future surface studies should be 
more focused on graphene on relevant substrates for applica-
tions, that is, mainly dielectric substrate materials. Truly free-
standing graphene may be ideal for transport measurements 
at low temperatures. However, it has been shown that for 
room-temperature devices, suspended graphene is less ideal 
because of flexural phonons increasing charge carrier scat-
tering. Therefore, it is likely that microelectronic devices will 
be fabricated on supported graphene, which also seems some-
what easier to achieve. Currently, the best-insulating support 
material for graphene is h-BN. Unlike SiO2 or other initially 
tried insulating substrates, h-BN is very uniform. Because 
h-BN is a layered 2D material, similar to graphene, it does not 
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have any “dangling” bonds or charge inhomogeneities. This 
is crucial in order to maintain the high charge carrier mobil-
ity of graphene. Therefore, in the near term we may expect 
more studies of graphene/h-BN hybrid materials. For surface 
science studies and also for applications the successful large 
area synthesis of such heterostructures will be critical. If such 
samples with sufficient size can be prepared, many of the gra-
phene modification investigations we have summarized for 
metal or SiC-supported graphene may be studied on h-BN as 
the support material [20–24].

Nandi et  al. [25] fabricated polypyrrole-based graphene 
nanostructure by using cetyl trimethylammonium bromide 
(CTAB) surfactant with variation of graphene loading and 
characterized them by XRD, FT-IR, SEM, TEM, AFM, 
Raman, and so on. They noticed that the variable range hop-
ping (VRH) model applied for explication of temperature-
dependent DC conductivity scrutinized from 20 to 300 K. 
They reported a 3D–2D effective dimensional crossover 
observed at ≈100 K with variation of hopping length, which 
can be controlled by temperatures. Below ≈50 K another 
cross-over between Mott and ES (Efrost and Shklovskii) 
type VRH mechanism had also been explored as resistivity 
increases with lowering of temperature. Here, charge trans-
port occurred via VRH between intact graphene island and 
polypyrrole chain.

Liu et  al. [26] synthesized monolayer tunable periodic 
graphene nanostructures with the dimensions ranging from 
~20 nm to several hundreds of nanometers by e-beam lithog-
raphy by controlling in exposure dose and etching time.

Bhaskar et al. [27] improved nanoscale conduction capa-
bility of a MoO2/graphene composite for high-performance 
anodes in lithium ion batteries. A MoO2/graphene composite 
as a high-performance anode for Li ion batteries was syn-
thesized by a one pot in situ low-temperature solution phase 
reduction method. Electron microscopy and Raman spectros-
copy results confirmed that 2D graphene layers entrap MoO2 
nanoparticles homogeneously in the composite. Conductive 
AFM reveals an extraordinarily high nanoscale electronic 
conductivity for MoO2/graphene, greater by 8 orders of mag-
nitude in comparison to bulk MoO2.

Scientists such as Mortazavi et  al. [28] have developed 
a multiscale scheme using molecular dynamics (MD) and 
finite element (FE) methods for evaluating the effective ther-
mal conductivity of graphene epoxy nanocomposites. They 
proposed that thermal conductivity of single-layer graphene 
decline by around 30% in epoxy matrix for two different 
hardener chemicals.

Another challenge in designing the properties of graphene 
is to control modifications. We have, for example, shown that 
defects, like carbon vacancies and grain boundaries in gra-
phene can have interesting properties. However, in order to 
utilize these defects we have to be able to define their structure 
accurately (e.g., multiple defect structures have been reported 
for di-vacancies in graphene), density and location in the gra-
phene. Similarly, for graphene nanoribbons better control over 
ribbon-widths and edge structure is needed. Modifications of 
graphene by adsorbates should also be localized on micro 

to tens of nanometer scale; for example, for defining p- or 
n-type-doped regions (e.g., molecular adsorbates), or electron 
confinement regions (e.g., confining pristine graphene within 
hydrogen- or fluorine-modified graphene). In addition, in 
order to be able to locally modify graphene, the question of 
stability of the formed patterns needs to be addressed. On a 
one-to-few nanometers length scale, Moiré-patterns formed 
by graphene on metals have been successfully used as tem-
plates for preferential adsorption of metals, hydrogen, and 
some organic molecules. These self-organization mechanisms 
are fascinating from a pure chemical point of view, but it is 
less likely that these patterns remain stable if the graphene is 
transferred from the metal support to another substrate and 
therefore these self-organization patterns may not easily be 
exploitable for electronic applications. On the contrary, these 
graphene-based templates for self-organization of metal clus-
ters may be useful systems for fundamental studies in cluster 
science. Thus, although graphene for electronic applications is 
taking the spot light, there are many other interesting aspects 
in fundamental research for which (supported) graphene can 
provide a rich resource for researchers for the various aspects 
of the materials science of nanostructures. The fast moving 
pace of graphene research will ensure that this remains an 
exciting field for years to come and new developments will 
soon add to the materials reviewed in these investigations.

18.2 EXPERIMENTS AND DISCUSSION

18.2.1  synthesis and characterization of 
123-yBco superconductinG suBstrate

The pure YBCO (YBa2Cu3O7) with general formula, 
YBa2Cu3Oz, was prepared by solution route and sintering pro-
cedures by using two different solution precursors.

The pure 123-YBCO was selected as substrate owing to its 
highest thermal and structural stability at high temperature in 
addition to its superior conduction properties.

 A. The first precursor was formed from the appropri-
ate amounts (Y2O3), which dissolved in few drops 
of concentrated nitric acid forming yttrium nitrate 
that was finally diluted to 100 mL by adding dis-
tilled water and the pH adjusted to neutral by adding 
ammonia solution.

 B. The second precursor was for the appropriate 
amounts of BaCO3 and CuO, each of highly pure 
chemical grade purity, which dissolved also in few 
drops of concentrated nitric acid and the net solu-
tion was 100 mL using distilled water and the pH 
adjusted to neutral by adding ammonia solution.

The mixtures (A + B) were poured into 1 L round-bottomed 
flask while 0.4 M urea/NH3 solution was added drop wise, 
carefully, with continuous stirring forming heavy gelatinous 
precipitate from metal-hydroxide plus hydroxylated oxides. 
The precipitates were filtered and dried and then calcined at 
800°C under a compressed O2 atmosphere for 30 h and later 
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reground and pressed into pellets (thickness 0.2 cm and diam-
eter 1.2 cm ) under 8 ton/cm2. Sintering was carried out under 
oxygen stream at 925°C for 100 h. The samples were slowly 
cooled down (10°C/h) till 500°C and annealed there for 20 h 
under oxygen stream. The furnace was shut off and cooled 
slowly down to room temperature. Finally, the materials were 
kept in vacuum desiccator over silica gel dryer. A levitation 
preliminary superconductivity test was thoroughly applied 
for the achievement of superconductive phase and hence 
superconductivity.

18.2.2 phase identification

The x-ray diffraction (XRD) measurements were carried out 
at room temperature on fine ground samples using Cu-Kα 
radiation source, Ni-filter, and a computerized STOE diffrac-
tometer/Germany with two-theta-step scan technique.

Figure 18.1 displays XRD recorded for pure synthesized 
123-YBCO superconducting sample. The analysis of two theta 
values, interspacing distances dÅ indicated that the sample 
mainly belongs to orthorhombic superconducting phase with 
P6/mmm space group (see Figure 18.1b). The unit cell dimen-
sions were calculated using the most intense x-ray reflection 

peaks [0 1 1] and found to belong to orthorhombic crystal 
form with lattice parameters a = 3.8234 Å, b = 3.8662 Å, and 
c = 11.7941 Å for the pure 123-YBCO phase, which is fully 
in agreement with those mentioned in the literature [47–49].

Scanning electron microscopy (SEM) measurements were 
carried out using small pieces of the prepared samples by 
using a computerized SEM camera with elemental analyzer 
unit (PHILIPS-XL 30 ESEM/USA).

Figure 18.2 shows the SEM micrographs recorded for pure 
YBCO applied on the ground powders that was prepared by 
solution route precursor. The average particle size was calcu-
lated and found to be in between 0.26 and 0.87 μm. The EDX 
examinations for random spots in the same sample confirmed 
and are consistent with our XRD analysis for pure YBCO, 
such that the differences in the molar ratios EDX estimated 
for the same sample is emphasized and an evidence for the 
existence of 123-YBCO superconductive phase with good 
approximate molar ratios.

From Figure 18.3 it is difficult to observe inhomogeneity 
within the micrograph because the powders used are very fine 
and the particle size estimated too small.

The grain size for 123-YBCO phase was calculated accord-
ing to

Scherrer’s formula [50],

 B 87 /Dcos= 0. λ θ  (18.1)

where D is the crystalline grain size in nanometers, θ, half the 
diffraction angle in degree, λ the wavelength of x-ray source 
(Cu-K∝) in nanometers, and B, degree of widening of diffrac-
tion peak, which is equal to the difference of full-width at 
half-maximum (FWHM) of the peak at the same diffraction 
angle between the measured sample and standard one. From 
SEM mapping, the estimated average grain size was found 
to be 1.29–1.73 μm, which is relatively large in comparison 
with that calculated applying Scherrer’s formula for pure 123-
phase (D ~ 0.44 μm). This indicates that, the actual grain size 
in the material bulk is smaller than that detected on the sur-
face morphology.
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FIGURE 18.1 (a) XRD-profile recorded for pure 123-YBCO sub-
strate. (b) Orthorhombic unit cell of pure 123-YBCO substrate.
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FIGURE 18.2 SE-micrograph recorded for pure 123-YBCO 
substrate.
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18.2.3 superconductinG measurements

The resistivity of the synthesized sample was undertaken as 
a function of cryogenic temperature down to 30 K using liq-
uid helium refrigerator using four terminal probe—circuit. 
Powdered samples were used for measurements in order to 
reveal the content of superconductivity inside the bulk of 
sample.

From Figure 18.3 it is evident that 123-pure-YBCO sample 
exhibits HTc ~ 91.2 K corresponding to 123-phase, which is 
annealed in oxygen and is noticeable clearly in our XRD as 
a major phase. This confirmed magnetically the existence of 
123-YBCO in highly pure phase.

18.2.4 raman spectroscopy measurements

The measurements of Raman spectra were carried out on the 
finally ground powders with laser wavelength = 632.8 nm 
(He–Ne laser with power = 1 mW) and laser power applied 
to the site of the sample = 0.4 mW with microscope objec-
tive = ×20, accumulation time = 1000–4000 s, up to more 
than an hour.

Figure 18.4 shows the Raman spectrogram recorded for 
pure-YBCO superconductors. From the modes frequencies 
that are listed and compared with some references [51–53] 
(see Table 18.1) one can indicate that 123-YBCO phase is the 
dominating phase present in polycrystalline YBCO super-
conductors. From Raman spectrograms it is obvious that the 
fundamental vibrational modes were identical with those 
reported in references [51,52] with small exception where 
a strong peak lies at 588–595 cm−1, which is attributable to 
the impurity phase BaCuO2 [52]. The vibrational Raman 
active-phonon mode lies at ~480 ± 10 cm−1 originally due to 
the apical oxygen O4 (A1g) [52]. This vibrating mode became 
flat and very broad so as to be noticeable in the pure YBCO. 
This flattening can be attributed to disturbances and changes 
that occurred in the interatomic distances of apical oxygen 
O4 to the two copper layers (Cu2). As is known, the vibra-
tional mode lying at 330 ± 5 cm−1 is the out-of-phase B1g of the 

couple O2–O3, which confirms the existence of 123-YBCO in 
pure phase [52,53] (Table 18.1).

18.2.5  Graphene deposition on 
123-yBco suBstrate

The well-characterized polished 123-YBCO pellet with 
dimensions 1 cm × 1 cm was applied as substrate to deposit 
few layers of graphene by injection-CVD process (ICVD). 
The high crystalline and the large area growth of multilayer 
graphene are desirable as a resistive barrier for formulated 
YBCO-graphene. For CVD of the graphene layers, a freshly 
prepared 1 cm × 1 cm YBCO-polished surface substrate was 
heated and stabilized at the desired synthesis temperature 
first. Then, propylene gas (C3H6), which served as the carbon 
source, was introduced into the chamber. By doing so, the 
gas pressure was adjusted to 4 × 10−6 mbar using a leak valve. 
In the incipient reaction of propylene with the 1 cm × 1 cm 
YBCO-polished surface, a graphene monolayer is formed 
as evidenced by the appearance of a single π band in angle 
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TABLE 18.1
Mode Frequencies of Raman Spectra Recorded 
for Pure-123 YBCO in the Present Work in 
Contrast with Some References

References

Pure-123-YBCOReference 17 References 19 and 20

229 229 224.6s

336 336 314m

500 575 337.8m

575 592 386.28b

440 633 438w

495.37s

571.2b

Note: s = strong, m = moderate, b = broad, and w = weak.
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resolved photoemission spectroscopy (ARPES) as reported 
in Reference [54] and as we confirmed by both Raman and 
STM imaging (Atomic resolution mode Reference [55]) see 
Figure 18.5a. During the whole synthesis procedure both the 
C3H6 gas pressure and the substrate temperature is monitored. 
This complete set of information allowed us to monitor the 
full growth process dependent on time and the details of CVD 
synthesis are described elsewhere [56–59].

For this synthesis temperature (635°C) the sample can be 
cooled down any time after the graphene layers are complete 
(i.e., t > 1600 s) without inducing a change in the graphene 
layer. This time of completion of one layer graphene is nearly 
double that recorded in Reference [54] due to our process-
ing temperature being lower (635°C) than that reported in 
Reference [54], which was 900°C (Figure 18.5b).

18.2.6  raman and nano-structuraL features 
of Graphene monoLayers

AFM: High-resolution AFM is used for testing morphological 
features and topological map (Veeco-di Innova Model-2009-
AFM-USA). The applied mode was tapping noncontacting 
mode. For accurate mapping of the surface topology AFM-
raw data were forwarded to the Origin-Lab version 9-USA 
program to visualize more accurate three- and two-dimension 
surface of the sample under investigation. This process is a 
new trend to obtain high-resolution 3D-mapped surface for a 
very small area of 0.01 μm2.

Figure 18.6a represents high-resolution AFM image cap-
tured by using Veeco-di Innova Model-2009-AFM-USA 

applying tapping noncontacting mode, for testing morpho-
logical features and topological map of the graphene-deposit 
layers.

Figure 18.6a displays 3D-AFM-tapping micrograph for 
scanned area = 0.2x0.2y0.2z μm, it was noticed that the sur-
face of graphene is not unified in heights (z-axis) and has a 
lot of surface gradient with different heights. These surface 
heights gradient may be attributed to two different factors: 
the first one is a mechanical error of smoothing the YBCO-
substrate surface; the second is more probable to take place 
that graphene deposition rate is not the same throughout 
the process of CVD. This confirms that the graphene depo-
sition process is experimental-condition-dependent and 
time-dependent.

Figure 18.6a shows deflection centers, which dispersed 
regularly throughout the whole scanned area as hemi spiral 
shape. These deflection dot centers could be benefitted to 
interpret the pinning centers promotion (which is responsi-
ble for current carrier mobility and conduction mechanism). 
Furthermore, deflection centers could also supply a qualita-
tive information for grain formation rate, which is consid-
ered a new trend for AFM investigations to obtain conclusive 
information not only surface topology features but also good 
qualitative deductions for materials bulk constituents.

Figure 18.6a displays regular 2D-tapping mode image of 
deposit graphene, which routinely gives some information 
about roughness of the surface and the grain size existed on 
the surface and near the surface layers (Figure 18.9).

Figure 18.7 displays Raman spectrogram recorded for gra-
phene deposit layers showing sharp inflection peaks at ~1500, 
2722 cm−1, which corresponds to graphene as nano-sheets 
(few layers of graphene) these results are in partial agreement 
with some references in literature such as References [60–62]. 
Ferrari [62] reported that focus on the origin of the D and 
G peaks and the second order of the D peak on the Raman 
spectrograms and confirmed that the G and 2D Raman peaks 
change in shape, position, and relative intensity with number 
of graphene layers. This reflects the evolution of the electronic 
structure and electron–phonon interactions. Furthermore, 
Raman spectroscopy can be efficiently used as an analytical 
tool to monitor number of layers, quality of layers, doping 
level and confinement of synthesized carbon compounds as 
graphite and graphene.

18.2.7  new trend of afm-nano-imaGinG 
view for accurate surface topoLoGy

For more accuracy of surface topology the raw data of AFM- 
instrument were forwarded to the Origin-Lab version 9-USA 
program to visualize more accurately three- and two-dimen-
sion surface of the sample under investigation. This process 
is a new trend to get a high-resolution 3D-mapped surface for 
very small area of 0.01 μm2.

Figure 18.8a displays 2D-AFM-grayscale photo-imaging 
for graphene layers, which enable us to map the topology 
with accurate numerical values as in Figure 18.8a. The image 
describes the surface topology of graphene monolayer with 
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CVD-graphene
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FIGURE 18.5 (a) Characterization of graphene by both Raman 
spectroscopy and STM imaging (atomic resolution mode) with hon-
eycomb structure, respectively. (b) Schematic diagram shows dif-
ferent steps of synthesizing graphene-loaded-123-superconducting 
YBCO surface.
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dimension 0.25 × 0.25 μm (scanned area =0.225 μm2). This 
method draws real visualized image of graphene surface as 
shown in Figure 18.8a.

The two diagonal axes (x and y-axes) in the real image can 
be shifted up and down and in each shift one can see the cor-
responding horizontal and vertical view as in Figure 18.8a 

and by accurate scanning to the whole surface we get a three-
dimensional image as in Figure 18.8b.

The 3D imaging could be converted into a 2D-AFM image 
as shown in Figures 18.8c and 18.8d in which surface features 
can be interpreted accurately.

Graphene surface in Figure 18.8b through 18.8d can be 
divided into three zones: light gray color represents ~23% 
of the whole scanned area, which is ~0.225 μm2, the surface 
heights in this zone ranged between 4.375 and 4.64 μm as 
in the key image. The maximum height in the whole image 
is a shiny gray, which represents 4% = 0.01 μm2 that has the 
highest height on the scanned area with heightmax. = 4.64 μm, 
the second partition is gray in color with a ratio ~12% of the 
whole area = 0.0275 μm2 and the third part has area percent 
~0.0225 μm2, which represents (9%) with heights ranged 
in between 4.375 and 4.450 μm. The second zone repre-
sents ~ (dark gray), which represents ~23% (0.0575 μm2) 
from the whole scanned area with heights gradient ranged 
in between 4.225 and 4.30 μm. The third zone occupies 
~53% = 0.1325 μm2 from the whole scanned area with heights 
gradient lying between 4.0 and 4.22 μm. This gradient is rep-
resented by light black color. In contrast with regular AFM-
image for graphene surface loaded on YBCO-substrate, from 
Figure 18.9 one can notify how many differences are there 
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between our new trend of AFM-imaging analysis and the 
regular image.

The new trend of transformation of AFM-raw data into 
3D-origin lab figure has many advantages than regular 
image supplied from AFM instrument. The most important 
one is accurate numerical values that describe the topology 

of the scanned area. As an example, see Figure 18.10, which 
explains xz-axes sector in the graphene surface with very 
accurate Cartesian numerical values for very tiny scanned 
area (0.2 × 0.2 μm), which is so difficult in normal AFM. 
From Figure 18.16 one can deduce maximum heights that 
equals 389 nm and minimum height ~27 nm. These accurate 
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numerical values are considered the main difference between 
both methods of calculations: normal and our new trend of 
calculations.

18.2.8 dc-eLectricaL conductivity measurements

Figure 18.11a through c shows the relation between 
DC-electrical conductivity (log σ) against reciprocal of abso-
lute temperature (1000/T) K−1 as a function of spot location on 
the graphene-deposit layer.

The DC-electrical conductivity measurements were per-
formed for the same surface of the sample at three random 
different spots namely (A, B, and C), respectively. As in 
Figure 18.11a through c the three measurements display the 
same behavior (conductor and semiconductor) but the resis-
tive barrier varies from spot to another spot, which confirm 
that the deposit graphene thickness is not unified throughout 
the surface due to CVD controlling parameters. These obser-
vations were also confirmed via AFM investigations. These 
fruitful observations are in partial agreement with Bernardo 
et  al. [63], who investigated electrical conductivity values 
of different carbon compounds, namely, graphene, multi-
wall carbon nanotubes, carbon black, and graphite powder. 
They reported [63] that the bulk conductivity depends not 
only on the intrinsic material properties but is also strongly 
affected by the number of particle contacts and the packing 
density, which is a function in thickness. Conductivities at 
high pressure (5 MPa) for the graphene, nanotube, and carbon 
black show lower values (~102 S/m) as compared to graph-
ite (~103 S/m). For nanotube, graphene and graphite particles, 
the conductive behavior during compaction was governed by 
mechanical particle arrangement/deformation mechanisms 
while for carbon black this behavior was mainly governed by 
the increasing particle contact area.

Others such as [64] indicated that the thermal conduc-
tivity was controlled by many types of defective graphene 
including single vacancy, double vacancy, and Stone–Wales 
defects, which can greatly reduce the thermal conductivity of 

graphene. The amount of reduction depends strongly on the 
density and type of defects at small density level. However, at 
higher defect density level, the thermal conductivity of defec-
tive graphene decreases slowly with increasing defect density 
and shows marginal dependence on the defect type. The ther-
mal conductivity was found to become less sensitive to tem-
perature with increasing defect density.
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Also we found that the energy gap (Eg) and the number 
of (e−) in conduction band (Ncb) of graphene were differ-
ent in values on the same surface of graphene but at differ-
ent location, which confirm that resistive layers of graphene 
(thickness) are different from point to point confirming that 
number of graphene layers vary according to CVD rate and 
experimental conditions specially CVD-controlling param-
eters Figures 18.12 and 18.13, respectively. These results are 
in full agreement with Hai et al. [65], who formulated a cor-
relation between thermal conductivities values and number of 
layers of graphene (size of graphene layers, i.e., the thermal 
conductivity can be controlled by changing number and size 
of graphene layers).

 ρ ρ= −
o

 Eg/KTe ∆
 (18.2)

 N AT ecb
3 2  Eg/2KT= −/

 (18.3)

Where in Equation 18.2 ρ and ρo are conductance and spe-
cific conductance, respectively. K is Boltzmann constant and 
T is absolute temperature in kelvins.

Furthermore, Kim et al. [66] reported that there is a strong 
correlation between energy gap and number of layers depos-
ited through CVD process on the basis of interspacing distance 
between substrate (YBCO in our studies) and graphene, which 
will vary as the number of layers change. Many investigators 
such as Hu and Poulikakos [67] have studied the interfacial 
thermal resistance, which plays a pivotal role in determining 
the thermal, transport properties, and performance of nano-
structured materials; the near interface region can signifi-
cantly contribute to the overall contact resistance in the case 
of strongly coupled thermal interface materials. They reported 
that the overall interfacial thermal transport is dominated by 
the resistance at the adjoining near-interface region and not 
the interface itself. Accordingly, the application of YBCO-
superconducting substrate could be beneficial in this point 
of view depending on resistance barrier of interfacial layer 
between graphene and the YBCO-substrate will be minimum.

18.3 CONCLUSIONS

This chapter can be summarized in the following points:

 1. AFM alone is not enough to identify the number of 
graphene layers.

 2. The success of visualization of raw data is a new 
trend of AFM-nano-imaging view to give accurate 
3D-mapped surface topology with precise numerical 
values.

 3. Graphene deposition rate is not the same through 
the process of CVD and 3D-AFM investigations 
confirmed that graphene layer epitaxially grown on 
YBCO-substrate have height gradient controlled via 
applied experimental parameters.

 4. Raman spectroscopy together with AFM can be effi-
ciently used as analytical tool to monitor number of 
layers, quality of layers, and confinement of synthe-
sized graphene.

 5. The thermal conductivity can be varied by changing 
the number and size of graphene layers.

 6. Deflections dots centers can be beneficial to map and 
contour the surface of a sample which enables us to 
understand a lot of conduction mechanisms and pin-
ning centers locations.
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19 Phonon Spectrum and Vibrational 
Thermodynamic Characteristics 
of Graphene Nanofilms

Alexander Feher, Sergey Feodosyev, Igor Gospodarev, Eugen Syrkin, and 
Vladimir Grishaev

ABSTRACT

This chapter describes phonon spectra and vibrational ther-
modynamic characteristics of graphene nanofilms. The relax-
ation of interlayer distances and force constants in the process 
of nanofilm formation is investigated. Moreover, the influence 
of the nanofilm structure (ABAB, ABCABC) on the thermo-
dynamic properties of these systems is studied. Characteristics 
of the Van Hove singularities for phonon modes having differ-
ent polarization are investigated.

The harmonic character of lattice vibrations and the stabil-
ity of nanofilms persisting up to temperatures exceeding room 
temperature are confirmed by the calculations of the mean 
square amplitude of atomic displacements along the differ-
ent crystallographic directions. It is shown that the features 
of the specific heat temperature dependence are caused by the 
nonsound phonon dispersion. Such phonons determine the 
main contribution to the low-temperature heat capacity for the 
structures considered. We carry out an analysis of the influ-
ence of local defects (vacancy type) and extended defects (step 
type between bigraphene and trigraphene) on the vibrational 
characteristics of carbon nanofilms.

19.1 INTRODUCTION

Investigation of the phonon spectrum features of graphite and 
carbon nanofilms is useful at least for two reasons: in addition to 
an obvious fundamental interest also from a practical viewpoint. 
One of them is the prospect of using the wide acoustic pho-
non spectrum zone of such materials in modern nanotechnol-
ogy. Strong anisotropy of acoustic properties and “non-sound” 
behavior of the dispersion of elastic waves normally polarized to 
the layers are characteristic for these materials. This fact leads to 
some unique features of the phonon density behavior.

Investigation of the phonon spectrum features of graphene 
nanofilms is very important in understanding the electron–pho-
non interaction in such systems (Endlich et al. 2013, Dahal and 
Batzill 2014, Park et al. 2014) as well as for considerations on 
probable mechanisms of superconductivity in intercalated gra-
phene (Fedorov et al. 2014, Yang et al. 2014). The unique nature 
of the two-dimensional phonon transport translates into unusual 
heat conduction in graphene and related materials (Nika and 
Balandin 2012, Pop et al. 2012, Serov et al. 2013, Wang et al. 
2014). Optical phonons are used for counting the number of 
atomic planes and stacking order in Raman experiments with 
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few-layer graphene (Ferrari and Basko 2013, Herziger and 
Maultzsch 2013, Shang et al. 2013, Lui and Heinz 2013).

Another important reason is the analysis of dynamic stabil-
ity of carbon nanostructures, which is necessary for the “fine 
tuning” of the process of their synthesis and for determining 
the working conditions of devices constructed on their basis.

The flat graphene monolayer cannot exist in a free condi-
tion. Atoms of carbon are connected with a substrate by the 
same van der Waals interaction as graphene monolayers in 
a graphite crystal. This interaction involves only the lowest-
frequency region of the graphene phonon spectrum (~2%). Its 
change practically does not influence the interatomic interac-
tions in the layer plane. Therefore, it is necessary to begin the 
research of phonon spectra and vibrational characteristics of 
graphene and carbon nanofilms (both in free condition and as 
absorbed on a substrate) by studying the phonon spectrum of 
graphite. We may note that the vibrational characteristics of 
graphite are already well studied, experimentally.

In this chapter, the vibrational characteristics of carbon 
nanofilms for bigraphene and trigraphene with different struc-
tural types (ABA and ABC) are studied. The formation of 
nanofilms determines the relaxation of the interlayer distances 
and force constants. The analysis of the influence of local and 
extended defects on the vibrational characteristics of some 
carbon nanostructures is carried out. In particular, defects of 
the “step” type between bigraphene and trigraphene, and the 
influence of a substrate on the phonon spectrum of the gra-
phene monolayer adsorbed are being analyzed.

This chapter consists of three parts:
In the first part, an adequate and at the same time simple 
enough model of the graphite lattice is constructed. Force 
constants characterizing interatomic interaction are defined 
without preliminary assumptions on the character of chemi-
cal bonds. Widely accepted experimental acoustic and optical 
characteristics as well as the data on the nonelastic dispersion 
of neutrons and soft x-ray radiation on the crystal lattice of 
graphite are used. The reasons causing flexural rigidity of gra-
phene monolayers are analyzed and it is shown that this flex-
ural rigidity is high, but it weakly depends on the interlayer 
interactions. We point to the determining role of the flexural 
rigidity of graphene monolayers for maintaining the dynamic 
stability of graphite and for the formation of basic distinctive 
features of its phonon spectrum and vibrational characteristics.

In the second part, vibrational characteristics of graphene 
and carbon nanofilms of bigraphene and trigraphene are consid-
ered, in general. The relaxation of the interlayer distances and 
force constants are determined in the process of nanofilm for-
mation. The calculated root-mean-square amplitudes of atomic 
displacements along various crystallographic directions con-
vincingly proved the stability of the considered nanostructures 
to temperatures exceeding room temperatures and negligible 
anharmonic corrections in the phonon spectrum, confirming the 
harmonic character of the lattice vibrations. The stability of the 
structure with the “step on surface” type defects, which might 
be important for the “management” of the electronic spectrum 
of carbon nanosystems is shown. The character of the Van 
Hove features in phonon modes for different polarizations is 

analyzed. A “non-Debye” character of the temperature depen-
dences of heat capacity, caused by a nonsound dispersion of the 
phonons giving the basic contribution to the low-temperature 
heat capacity of studied structures is shown.

The third part of this chapter is devoted to the analysis of 
the influence of some defects on the vibrational characteristics 
of some carbon nanostructures. Localized and quasilocalized 
levels of graphite, originating from both impurities and point 
defects, are investigated. Phonon spectra of metal intercalated 
graphite are studied. Local spectral densities of carbon and 
metal atoms are calculated and analyzed.

19.2 GRAPHITE LATTICE DYNAMICS

19.2.1  Graphite crystaL structure and character 
of force constants Between its atoms

A strongly anisotropic layered graphite crystal consists of the 
so-called graphene monolayers whose atoms form regular hexa-
gons. Such a two-dimensional lattice is a complex lattice com-
prising two close-packed 2D triangular sublattices (⚪ and ⚫), 
the atoms of one sublattice occupying the centers of mass of 
the triangles of the other lattice. In stacks with more than one 
graphene layer, two consecutive layers are normally oriented in 
such a way that the atoms in one of the two sublattices of the 
honeycomb structure of one layer are directly above one-half of 
the atoms in the neighboring layer. The second set of atoms in 
one layer sits on the top of the (empty) center of a hexagon in the 
other layer. This is the most common arrangement of nearest-
neighbor layers observed in nature (ABA or Bernal stacking, see 
Figure 19.1). The Bravais vectors, lying in the basal plane, can be 
chosen as r1 0 03 2 2 0= ( ; ; )a a/ /  and r2 0 03 2 2 0= −( ; ; )a a/ / , 
where the parameter a0 ≈ 2.45 Å. The period of the lattice along 
the c axis is equal to twice the interlayer distance r3 00 0= ( ; ; )c , 
where the parameter c0 ≈ 6.7 Å. Thus, the unit cell of graphite 
contains four atoms. We note that the atoms belonging to dif-
ferent sublattices in the 2D lattice of graphene, containing two 
atoms per unit cell, are physically equivalent.

The local Green’s functions characterizing the contribu-
tions of each atom to the phonon density of states (DOS) and 
the vibrational characteristics are the same for the atoms in 
different sublattices (G°(ω) = G•(ω)). This equivalence breaks 
down in the graphite lattice because the interlayer interactions 
are different for each of the sublattices. Indeed, as is clearly 
seen in Figure 19.1, the atoms of different sublattices from the 
basal plane are arranged differently with respect to the atoms 
of neighboring planes and therefore interact differently with 
them. Each atom of the sublattice ⚫ has in its nearest layers 
two neighboring atoms from the same sublattice, located at 
a distance of Δ4 = c0/2 ≈ 3.35 Å, and six neighboring atoms 
from the sublattice ⚪, located at ∆ ∆ ∆5 4

2
1
2 3 64= + ≈ . Å; 

each atom of the sublattice ⚪ has 12 neighboring atoms which 
are located at a distance Δ5 (six from the sublattice ⚫ and six 
from the sublattice ⚪). That is, the atoms belonging to dif-
ferent sublattices of one graphene monolayer present in the 
graphite lattice are actually nonequivalent: the local Green’s 
functions corresponding to these atoms and the vibrational 
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characteristics determined by them, for example, the root-
mean-square displacements of these atoms along different 
crystallographic directions, will thus be different.

Strong anisotropy of the interatomic interaction and other 
properties that are characteristic for graphite are due to the 
facts that the difference of the distances between the nearest 
neighbors in a layer and in neighboring planes is quite consid-
erable and that the bonding forces in different crystallographic 
directions are of different types. For example, the interaction 
between the nearest neighbors in the basal plane, which lie at 
a distance of ∆1 0 3 1 415= ≈a / . Å, is of the covalent type, 
whereas it is of the van der Waals type between the atoms 
located at the distances Δ2 = a0 and ∆3 02 3 2 83= ≈a / . Å 
(second and third neighbors in the basal plane) as well as 
between the atoms lying in neighboring layers at distances Δ4 
and Δ5 from each other. In addition, graphite possesses metal-
lic conductivity, which somewhat alters the interatomic inter-
action, primarily between the nearest neighbors.

Since the coordinate z and the coordinates x and y of the 
basal plane in the crystal lattice of graphite are transformed 
according to different irreducible representations of the point 
symmetry group D6h of the crystal, the force-constants matrix 
can be represented in the form

 

Φ Φ Φ

∆ ∆ ∆
∆

∆

ik ik ik iz kz

i k
x

( , ) ( ) ( ) ( )

( ) ( )

r r r r′ = − ′ ≡ = − − ⋅

⋅ − ⋅

∆ 1

2

δ δ

α β δiik z iz kz






− ⋅β δ δ( ) .∆
 

(19.1)

To describe the weak interlayer interaction it is natural to 
take into account the interaction of atoms located in nearest-
neighbor layers. For the nearest neighbors in the basal plane 
(Δ = Δ1), whose mutual interaction is determined by the 
superposition of the covalent and metallic bonds, the matri-
ces (19.1) will be characterized by three parameters. The 
interatomic interaction between the more distant neighbors 

(Δ = Δ2; Δ = Δ3; Δ = Δ4 and Δ = Δ5) can be assumed to be a 
van der Waals interaction and can be described by an iso-
tropic pair potential φ(Δ) = φ(Δ). The corresponding force-
constants matrices can be represented in the form (19.1), with 
βx(Δ) = βz(Δ) = β(Δ) = φ′(Δ)/Δ and α(Δ) ≡ φ″(Δ) − β(Δ).

For describing the weak interlayer interaction it is impos-
sible to be restricted only to interactions between atoms which 
are apart by Δ4, as in this case the counteraction against the 
shift of a whole layer will be ensured exclusively by noncen-
tral forces whose origin remains unknown so far. Taking into 
account the interaction between the atoms, which are apart by 
Δ5 (exceeding Δ4 by approximately 8%), allows us to explain 
the origin of noncentral forces, to describe the relaxation 
of the interlayer distances and interlayer interactions at the 
formation of carbon nanofilms and also to include central 
forces into the description of interlayer interactions. Thus, 
in describing the bonds between the atoms of one layer it is 
natural to consider the interaction between the first and third 
neighbors, that is the interaction between all atoms that are 
closer to each, other than Δ4. Further, we will show that only 
by taking into account the interactions between more distant 
neighbors will we be able to describe the flexural stiffness of 
graphene layers. This stiffness has a key role in providing the 
stability of the graphite crystal structure and determines the 
peculiarities of its vibrational characteristics.

Thus, in the proposed model (Gospodarev et al. 2009) the 
dynamics of the graphite lattice is described by means of 11 
force constants: five describing central interaction and six 
describing noncentral interactions between atoms.

19.2.2  force constants and fLexuraL 
riGidity of the Layers

We can obtain five equations for force constants using known 
experimental data on the elasticity module connected with the 
structure of crystal and its matrices of force constants (see, 
e.g., Kossevich 1984)
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(19.2)

The condition for the symmetry of the elastic moduli tensor 
with respect to the permutation of pairs of indices for the sym-
metry of the Voigt matrix Cik = Cki is a condition for the tran-
sition in the long-wavelength limit into the equations of the 
theory of elasticity. Since the coordinates in the basal plane 
ab and along the c axis are transformed according to different 
irreducible representations of the point symmetry group D6h 
of graphite, the relation C13 = C31 is not completely fulfilled 
and provides an additional equation for the force constants:

 
β β β β β1 2 3

1
2 4

2
4 1
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(19.3)

c0

c0 ≈ 6.7 Å.
a0

a0 ≈ 2.45 Å;

Δ1

Δ2

Δ4 Δ5

Δ3

FIGURE 19.1 Crystal lattice of graphite (ABA-stacking).
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Four of the five elastic moduli (C11, C22, C33, and C44) are reli-
ably determined by the sound velocity experiments along the 
high-symmetry crystallographic directions from both acoustic 
(e.g., Blakslee et al. 1970) and neutron (Nicklow et al. 1972) 
experiments. The elastic modulus C13 is determined by more 
complicated methods (e.g., from measurements of Young’s 
modulus and Poisson’s ratio), which, considering the smallness 
of C13, leads to such discrepancies between its values, which 
attain the order of the values themselves. Consequently, the 
expression (19.2) for C13 cannot be used to determine the force 
constants. The experimentally determined values of the elastic 
module of graphite are presented in Table 19.1.

Using the relation (19.3), the following equations are 
obtained for the elastic moduli of graphite from Equation 19.2:
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Remaining equations can be obtained from the neutron 
diffraction data (Nicklow et  al. 1972), Raman scattering 
data (Dresselhaus and Dresselhaus 1981), and inelastic x-ray 
scattering data (Maultzsch et al. 2004). Thus, the following 
expressions are valid for the frequencies ωTO(Γ) and ωLO(Γ) 
(see Figure 19.2) in the model proposed:

 
m Q T Q TTOω β β β2

4 4
2

4
2( ) = 2 2 ( 2 ) ( 2 ) ;Γ + + − − + −

 (19.8)

  m G F R G F F RLOω2 2 2( ) = 2 ( ) ( )Γ + + − − + − , 
(19.9)

where m is the mass of carbon atom. Following notation was 
introduced in Equations 19.8 and 19.9:
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The following data obtained in Nicklow et  al. 1972 are 
ωTO(Γ)/2π ≈ 1,44 THz and ωTO(Γ)/2π ≈ 3,76 THz (corre-
sponding points are denoted in the bottom part of Figure 19.2 
as I and II), corresponding to the data obtained in Reich and 
Thomsen (2004).

The relations for the Raman frequency ω πE g2 2
2 47 64/ THz≈ .  

(point III in the top part of Figure 19.2) and the frequencies 
ωE u1 ) 22 6( .Γ ≈ THz and ω πA u2 2 26 04/ THz≈ .  (point IV) 
(Dresselhaus and Dresselhaus 1981, Maultzsch et  al. 2004), 
manifested in the infrared light scattering, have the form:

 
m Q T Q TE gω β β β2 2

2 ( ) = 2 2 ( 2 ) ( 2 ) ;4 4
2

4
2Γ + + + − + −

 (19.10)

 m Q TE uω 1

2 ( ) = ;Γ +  (19.11)

 
m R GA uω 2

2 ( ) = 2 .Γ +( )  
(19.12)

Force constants α1, α2, and α3 enter into Equations 
19.4 and 19.5 only as a linear sum α1 + 6α2 + 4α3 and into 
Equations 19.8 and 19.11 only as α1 + α3. This indetermi-
nacy can be eliminated by using, for example, the data of 
Maultzsch et  al. (2004) and Nicklow et  al. (1972) for the 
frequencies of the in-plane polarized acoustic vibrations at 
the points K and M of the Brillouin zone of graphite. So, 
the frequencies are ω πTA M|| /( ) ( . ) THz2 22 35 5%≈ ±  and 
ω πLA M|| ( ) ( . ) THz/2 39 7 5%≈ ± . In the frame of the consid-
ered model we can write:

 
m M oTA zω β β α β� ( ) = 4( 2 ) ( , );1 2 4 4+ +

 (19.13)

 
m M oLA xω α α α β β β α β� ( ) = 2 6 3 2 8 6 ( , )1 2 3 1 2 3 4 4+ + + + + +

 (19.14)

Thus, the values of all force constants that characterize 
the interaction between atoms of graphite can be unambigu-
ously obtained from Equations 19.3 and 19.14. These values 
are given in Table 19.2. Further, we will use designations 
αi ≡ α(Δi) and βi ≡ β(Δi) (i = 1, 2, 3, 4, 5).

TABLE 19.1
Elastic Moduli of Graphite

c11 c66 c33 c44 c13

References 1010 N/m2

Nicklow et al. 
(1972)

106 ± 2 44 ± 2 3.65 ± 0.1 0.4 ± 0.04 –

Blakslee et al. 
(1970)

106 44 3.7 0.37 ± 0.02 1.5
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Let us note that the noncentral interaction of the nearest 
neighbors in a layer plane exceeds, by two orders of mag-
nitude, the central interlayer interaction. It means that the 
role of the noncentral interlayer interactions in the forma-
tion of the restoring force acting on an atom, which is dis-
placed from the equilibrium position in the c axis direction, 
is dominating. Thus, β1x and β1z are positive, corresponding 
to the attraction of the nearest neighbors, while β2 and β3 
are negative, corresponding to the repulsion between more 
remote atoms.

This, at first sight paradoxical fact, can be explained by 
different types of interactions—that between the nearest 
neighbors (very short-range covalent bonds) and that between 
more remote atoms (van der Waals bonds). The equilibrium 

value of the potential describing the van der Waals interaction 
is r0 ∈(Δ4, Δ5), that is, it considerably exceeds both Δ2 and Δ3. 
Therefore, in graphene layers the interaction of the nearest 
neighbors is a covalent attraction, while the interaction with 
the second and third neighbors is van der Waals repulsion. 
This fact plays a key role in the formation of flexural rigidity 
of graphene monolayers, which in turn determines the sta-
bility of crystal structures of graphite and carbon nanofilms, 
and, thanks to the square-law of the dispersion ω(k) of flex-
ural fluctuations (see, e.g., the top part of Figure 19.2), causes 
a non-Debye behavior of the low-temperature vibrational 
thermodynamic characteristics of considered systems.

In Qiang et al. (2009) an analytic formula is derived for the 
elastic bending modulus of monolayer graphene based on an 
empirical potential for solid-state carbon atoms. Theoretically, 
bending modulus of a monolayer graphene has been predicted 
on the basis of empirical potentials (Huang 2006) and ab 
 initio calculations (Ribeiro et al. 2009). The fact that an atom-
ically thin graphene monolayer has a finite bending modulus 
is in contrast to classical theories for plates and shells (Landau 
and Lifshitz 1970). For the correct evaluation of the graphene 
monolayer flexural stiffness it is necessary to consider either 
the lattice discreteness (Syrkin et al. 2009) or use the nonlocal 
theory of elasticity (Gelfgat 1980, Kunin 1975).
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FIGURE 19.2 Dispersion curves of graphite along highly symmetrical directions in reciprocal space obtained experimentally, that is, by 
inelastic neutron scattering (Nicklow et al. 1972) (bottom part) and by inelastic scattering of soft x-ray radiation (Maultzsch et al. 2004) (top 
part). The first Brillouin zone of graphite with designations of the corresponding highly symmetrical directions is also shown.

TABLE 19.2
Force Constants of Graphite

Δ

Δ1 Δ2 Δ3 Δ4 Δ5

α, N/m 337.88 50.48 19.65 2.58 0.37

β, N/m βx = 170.86 – – – –

βz = 96.38 10.15 −8.66 −65.37 × 10−3 35.26 × 10−3
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Elastic moduli C33 and C44, corresponding to the dis-
placement along the c axis and determining the velocity of 
sound, which propagates or is polarized along given direc-
tion, are 30–300 times lower than elastic moduli C11 and 
C66, determining the velocity of sound propagating and 
polarized in basic planes (Blakslee et  al. 1970, Nicklow 
et al. 1972). Therefore, if the vibrations polarized along the 
c axis would have, at small frequencies, sound and not qua-
siflexural character, the root-mean-square average displace-
ments of atoms in the given direction would attain—already 
at low temperatures—the values corresponding to the melt-
ing of a crystal. That is, already the fact of the existence 
of solid graphite at room temperature gives evidence that 
these vibrations are essentially determined by noncentral 
interatomic interactions and indicates the presence of elas-
tic stresses in graphene layers forming the crystal lattice of 
graphite.

In Syrkin et al. (2009) limiting transition from the equa-
tions of dynamics of a lattice to the equations of the theory of 
elasticity was carried out within the above-mentioned model. 
For the acoustic mode polarized along the c axis and propa-
gating in the plane of layers (i.e., a quasiflexural mode) the 
following expression was received:
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(19.15)

where the elastic module C44 is defined by the expression 
(19.7), ρ is the graphite density and k k kx y

2 2 2= + . Having sub-
stituted into Equation 19.15 the values of parameters βi from 
Table 19.2, we obtain for the flexural rigidity of graphene the 
following expression:
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Thus, the formula (19.15) corresponds to the quasiflexural 
phonon mode shown on the top part of Figure 19.2.

In the following section we discuss the analysis of the 
phonon spectrum and vibrational characteristics of graphite, 
comparing them to the phonon spectrum and vibrational char-
acteristics of graphene nanofilms.

19.3  PHONON SPECTRUM AND 
VIBRATIONAL CHARACTERISTICS 
OF GRAPHENE NANOFILMS

19.3.1  reconstruction and reLaxation 
at nanofiLms formation

When considering the atomic dynamics of superthin films of 
graphite we note that the flat form of a free graphene mono-
layer is not stable since even at T = 0 the root-mean-square 
displacement of atoms in the direction, perpendicular to the 

layer, logarithmically diverges. Therefore, in this section 
the phonon spectrum and the root-mean-square amplitudes 
of vibrations in films consisting of two and three graphene 
monolayers are analyzed.

It has been shown in the previous section that in the 
graphite consisting of weakly bonded graphene monolayers, 
the interlayer interaction involves both central and noncen-
tral forces. This distinguishes graphite from other layered 
crystals formed by weakly bonded fragments, containing 
few monolayers (e.g., from transition metal dichalcogen-
ides; Galetich et  al. 2009). Therefore in graphite, the sur-
face formation cannot be described within the limits of the 
Lifshits–Rozentsveig model (Lifshits and Rozentsveig 1948), 
but is characterized by the surface reconstruction and surface 
relaxation. It is also quite natural to assume that the breakage 
of interlayer bonds, that is weak van der Waals interactions, 
should not change both the distance between atoms in gra-
phene layers and the force constants characterizing intralayer 
interaction. The surface reconstruction and relaxation will 
be reduced only to changes of interlayer distances and force 
constants α4 and β4, and α5 and β5, characterizing the inter-
layer interaction.

The fulfillment of the condition σiznz = 0 leads to the flat 
form of layers and to the same relation between force con-
stants and lattice parameters as the condition C13 = C31. For 
the case of thin films consisting of N monolayers the men-
tioned condition can be written as
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Distances Δ4 and Δ5 in the crystal lattice of graphite dif-
fer by less than 8%. Hence, neither one can be an equilib-
rium distance for a pair potential describing the interlayer van 
der Waals interaction. The equilibrium distance r0 for this 
potential lies between these values: Δ4 < r0 < Δ5. The small, 
of the order of the amplitudes of the harmonic atomic vibra-
tions along the c axis, difference of the distances Δ4 and Δ5 
from r0 makes it possible to describe the interlayer van der 
Waals interaction by the Lennard–Jones potential (see, e.g., 
Kossevich 1984):
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(19.18)

The parameters of this potential can be determined from 
the force constants α4, β4, α5, and β5 obtained in section I: 
σ ≡ ≈r0

6 2 3 092. Å; ε ≈ 152.3 K.
Starting with Equations 19.17 and 19.18, for considered 

thin films of graphite it is easy to find both interlayer distance 
�∆4, and force constants �α4, �β4, �α5, and �β5, which describe 
interlayer interaction in such objects. For a two-layer film 
(bigraphene) �∆4 3 636≈ . Å, � �α β4

3
4372 82 10≈ × ≈−. N/m;  
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35 10 10 3. × − N/m; � � �∆ ∆ ∆5 4
2

1
2

53 902 87 44≡ + ≈ ≈ − ×. .Å; α  
10 3− N/m; �β5

341 43 10≈ × −. N/m. For a three-layer film (trigra-
phene): �∆4 3 453≈ . Å; � �α β4

3
41585 10 10 15 34≈ × ≈ − ×−. .N/m;  

10 3− N/m; �∆5 3 713≈ . Å; � �α β5
3

5162 60 10 40 66≈ × ≈ ×−. .N/m;  
10 3− N/m.

19.3.2  spectraL densities and mean-square 
ampLitudes of atomic dispLacements

The phonon DOS g(ω) and the spectral densities ρ ωi
s( )( ), cor-

responding to the displacements of the surface atoms of the 
sublattice s along the crystallographic direction i were cal-
culated, for the model proposed in the preceding section for 
the crystal lattice of graphite, by means of Jacobi’s matrices 
(Haydock et al. 1972, Peresada 1968, Peresada et al. 1975). As 
shown in Kosevich et al. (1994), in strongly anisotropic lay-
ered crystals the interaction of the vibration modes polarized 
along the directions of the strong and weak bonds is propor-
tional to the squared ratio of the weak interlayer to the strong 
intralayer interaction. In graphite this ratio is (C33/C11)2 ~ 10−3. 
Consequently, for frequencies ω > ωTO(Γ), when the isofre-
quency surfaces of the vibrational branches polarized in the 
plane of the layer become open along the c axis, the phonon 
spectrum acquires a practically two-dimensional character, 
and the functions ρab(ω) and ρc(ω) are the phonon densities of 
states of graphene monolayers for independent atomic vibra-
tions in the plane of the layer and in the direction perpendicu-
lar to it.

Curve 1 in Figure 19.3a represents the calculated results 
for the bulk graphite phonon DOS g(ω). Figure 19.3b and c 
show partial contributions to g(ω) from atomic displacements 
in basal planes,
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and Figure 19.3d and e show the contributions from displace-
ments along the c axis,
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The spectral densities ρ ωi
s( )( ) are normalized to unity and

g ab c( ) = ( ) ( )ω ρ ω ρ ω+ .
In an ideal crystal lattice the spectral densities ρ ωi

s( )( ) nor-
malized to unity fulfill the relation
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where V0 and q are the unit-cell volume and the number of 
atoms per unit cell, index σ enumerates the vibrational modes, 
e s( )( , )k σ  are polarization vectors and the integration extends 
over the isofrequency surfaces in reciprocal space. The pho-
non DOS g(ω) is given by
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Function ρab(ω) (Figure 19.3b and c) contains a kink at 
ω = ωTO(Γ), that is, a singularity, analogous to the three-
dimensional van Hove singularity corresponding to the 
transition from the quadratic dependence of DOS at low fre-
quencies, which is characteristic for crystal lattices, to a linear 
dependence characteristic for two-dimensional lattices (see 
Figure 19.3c). Other Van Hove singularities in this function 
have logarithmic form, which is characteristic for two-dimen-
sional structures (see, e.g., Kossevich 1984). The isofrequency 
surfaces with ω > ωTO(Γ) are cylindrical and can be regarded 
as isofrequency lines in the 2D reciprocal space. The logarith-
mic van Hove singularities correspond to the rates of change 
of the topology of these isofrequency lines.

The function ρc(ω) (Figure 19.3d and e) acquires two-
dimensional character for ω > ωLO(Γ). Its form corresponds 
to the DOS of the two-dimensional scalar model, that is, in 
terms of the density it is analogous to the electronic DOS 
of graphene (see, e.g., Novoselov et al. 2005, Skrypnyk and 
Loktev 2008). So, the function ρc(ω) contains a singularity, 
which is analogous to the so-called Dirac singularity in the 
electron DOS of graphene. This singularity likewise corre-
sponds to the K point of the Brillouin zone.

Curves 2 in Figure 19.3 display the phonon densities of 
states for bigraphene (in Figure 19.3a) as well as the contribu-
tions to them from atomic displacements along the layers (in 
Figure 19.3b and c) and in the direction perpendicular to them 
(in Figure 19.3d and e).

It is evident that in a wide frequency range ω > ωLO(Γ) the 
densities of states of a film and a bulk sample are practically 
identical. In the frequency interval where the phonon spec-
trum of graphite exhibits three-dimensional behavior and the 
interaction between the vibrational modes polarized in the 
plane of the layers and in a direction perpendicular to the lay-
ers is quite strong, an appreciable difference is observed in 
the behavior of the corresponding spectral densities of bigra-
phene and the bulk sample.

In bigraphene, instead of the transverse phonon modes 
TA and TO, propagating along the c axis, there will be two 
discrete levels corresponding to the in-phase and antiphase 
displacements of layers in basal plane and along the c axis. 
The frequencies of these levels are denoted in Figure 19.3c 
and e as ωa

( )−  and ωa
( )+ , respectively. The frequencies ωa

( )+  and 
ωc

( )+  correspond to the same atomic displacements as the fre-
quencies ωTO(Γ) and ωLO(Γ) in the case of a bulk sample. The 
decrease of values ωa

( )+  and ωc
( )+  as compared to the frequen-

cies ωTO(Γ) and ωLO(Γ) is due to the surface relaxation. The 
spectral density ρab(ω) of bigraphene, as seen in Figure 19.3c, 
exhibits kinks at ω ω= ( )

a
−  and ω ω= ( )

a
+ . For ω ω> ( )

a
+ , the spec-

tral density acquires a two-dimensional form (ρab(ω) ~ ω). The 
spectral density ρc(ω) of bigraphene, as seen in Figure 19.3e, 
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exhibits kinks at ω ω= c
( )−  and ω ω= ( )

c
+ . For ω ω≥ +

c
( ) there 

is a range around 2 THz on the spectral density of ρc(ω), in 
which this function weakly depends on the frequency. The 
spectral density takes the form corresponding to that of the 
flexural waves propagating in the plane. The flexural wave has 

a quadratic dispersion relation in the long-wave length region 
and the DOS of the flexural mode at ω → 0 converges to the 
constant value of ~κ−1 (κ is the flexural rigidity (19.16)).

In stacks with more than one graphene layer, the relative 
position of two neighboring layers allows for two different 
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FIGURE 19.3 The phonon DOS of bulk graphite and bilayer graphene (part a, curves 1 and 2, respectively), as well as the partial con-
tributions to them from the atomic displacements along the basal plane (parts b and c) and along axis c (parts d and e). In parts c and e the 
corresponding dependence for trigraphene (curves 3 for ABA-stacking, curves 4 for ABC-stacking) are shown.
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orientations of the third layer. If we label the positions of the 
first two atoms as A and B, the third layer can be of type 
A, leading to the sequence ABA, or it can fill a third posi-
tion different from A and B, that is C. There are no more 
nonequivalent positions where a new layer can be placed, so 
that thicker stacks can be described in terms of these orienta-
tions. Regions with the stacking ABC (rhombohedral stack-
ing) have also been observed in different types of graphite. 
Finally, graphene films with stacking order in which all atoms 
in one layer occupy positions directly above the atoms in the 
neighboring layers (AA—hexagonal stacking) have been con-
sidered theoretically and have been grown on a (111) diamond 
(Lee et al. 2008), SiC (0001) (Borysiuk et al. 2011), and Ru 
(0001) (Papagno et al. 2012).

The ABC-stacking has not four (as ABA) but eight atoms 
in its unit cell and, accordingly, its phonon spectrum contains 
twice more branches. This circumstance suggests an appre-
ciable difference of behavior of phonon densities in the low-
frequency region. Naturally, this difference can be manifested 
only at frequencies below the frequency of the first van Hove 
peculiarity, corresponding to the transition from the closed 
isofrequency surfaces to open ones along the c axis. This is 
manifested also in the temperature dependences of vibra-
tional thermodynamic performances at low temperatures. 
The study of the influence of the structure on phonon spectra 
and vibrational performances of carbon nanofilms is of par-
ticular interest.

The spectral densities corresponding to atomic displace-
ments along different crystallographic directions for a trig-
raphene of both ABA and ABC stacking are shown in 
Figure 19.3c and e (curve 3 for ABA, curve 4 for ABC).

It is clearly visible that

 1. The frequency of the transition into the quasi two-
dimensional behavior of spectral densities (for bulk 
graphite it is the frequency of the first van Hove 
peculiarity) decreases with decreasing number of 
layers for ρc(ω), but it practically does not change for 
ρab(ω);

 2. For spectral densities ρab(ω), the quasi two-dimen-
sional behavior leads to ρab(ω) ~ ω, that is, they show 
two-dimensional Debye character. In the long-wave 
limit the spectral density ρc(ω) is comparable to the 
densities of states in a quasiflexural mode with the 
quadratic dispersion relation and it approaches to a 
constant value, which is inversely proportional to 
flexural rigidity of layers;

 3. In spectral densities of nanofilms at frequencies 
below the frequency of the transition to the quasi 
two-dimensional behavior additional singularities 
appear, caused by the transformation of phonon 
branches with the wave vector along the c axis into 
discrete levels with frequencies ωa c,

( )−  and ωa c,
( )+  for big-

raphene and ω1a,c, ω2a,c and ω3a c,  for trigraphene;
 4. There is no essential difference between the spectral 

densities ρab(ω) and ρc(ω) for trigraphenes with ABA-
stacking and ABC-stacking (see Figure 19.3c and e).

Let us note that if with the frequency approaching to zero 
the spectral density does not converge to zero, the mean-
square displacements of atoms will diverge even at zero tem-
perature. This circumstance causes the instability of linear 
chains and flat monolayers. It is apparent from Figure 19.3, 
that ρc(ω) of graphene nanofilms (especially of bigraphene) 
weakly depends on ω even at very low frequencies ( ),( )ω ω≥ +

c  
which could lead to large mean-square displacements of atoms 
in the direction perpendicular to layers. It, at first sight, calls 
into question the stability of the lattice of a bigraphene and 
the applicability of the harmonic approach for the descrip-
tion of the lattice vibrations. In Figure 19.4, the temperature 
dependences of the mean-square amplitudes of atomic dis-
placements of bigraphene, trigraphene, and bulk graphite 
along layers and in the perpendicular direction to them are 
presented.

The mean-square amplitudes atomic displacements of 
atoms s along crystallographic direction i are expressed in 
terms of the spectral density ρ ωi

s( )( ) as (Kossevich 1984, 
Peresada 1968)
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We note that in graphite the mean-square amplitudes of 
atomic vibrations along the weak coupling direction (see 
Figure 19.4) at room temperature, calculated by means of spec-
tral densities ρab(ω), are approximately 0.12 Å, which is about 
3% of the corresponding interatomic distance. Therefore, it 
is quite justified to calculate the vibrational performances of 
graphite by using harmonic approach.

It is evident from Figure 19.4, that the amplitudes of 
the atomic displacements along the graphene layers are 
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FIGURE 19.4 Temperature dependence of the mean-square ampli-
tudes of atoms along different crystallographic directions (along the 
ab plane and along the c axis) in the graphene nanofilms consist-
ing of two and three graphene monolayers, as well as “trigraphen– 
bigraphene” atomic steps of the “zigzag” and “armchair” type.
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practically independent of the thickness of the sample. The 
mean-square amplitudes of atomic displacements along the 
c axis increase strongly with the decreasing film thickness. 
Thus, the room-temperature amplitude of the transverse 
vibrations of an atom in the central layer in trigraphene 
(curve 3c′) is twice the corresponding value of the bulk sam-
ple (curve ∞c). Curves 3c (atom in the surface layer in trigra-
phene) and 2c (atom in bigraphene) are shifted to even higher 
values. In Figure 19.4, the horizontal line marks the mean-
square amplitudes of atomic vibrations along the c axis in 
bulk graphite at T = 3000 K. This temperature is by approxi-
mately 1000 K lower than the melting temperature of graph-
ite, Tme ≈ 4000 ± 50 K. Therefore, at T = 3000 K the crystal 
lattice of graphite possesses a sufficient margin of stability. 
Since at room temperatures the value of the mean-square 
amplitudes of atomic vibrations of bigraphene and trigra-
phene lie appreciablly below the dashed line, bigraphene and 
trigraphene possess an adequate margin of stability at room 
temperature.

In the same figure, the temperature dependences of the 
mean-square amplitudes of atoms within the defects of the 
“step on surface” type are shown. Such defects essentially 
change the electronic spectrum of carbon nanofilms. Their 
formation can be used as a method for preparation of car-
bon nanosystems with desired electronic characteristics. The 
dependences 〈| |〉ui

s( )  given in Figure 19.4 for two basic con-
figurations of such a defect (zigzag and armchair) show that 
such defects are stable up to 500 K.

It is necessary to note that graphene monolayers cannot 
exist in a free state as flat two-dimensional structures, since 
in that case there is a full splitting of the bulk phonon modes 
polarized in the layer plane and flexural modes. Therefore, 
the spectral density of the flexural mode with the dispersion 
law ω = κk2 (formula (19.15) for C44 = 0) leads to the diver-
gence of mean-square displacements even at T = 0. So the 
graphene monolayers can exist in the flat shape only when 
adsorbed on some substrate. For studying the electronic spec-
tra of graphene monolayers dielectric substrates are usually 
used, in which bonds between carbon atoms and substrate 
atoms have van der Waals character. The contribution of the 
substrate to the phonon spectrum of graphene is manifested 
in intertwinning of longitudinal modes with quasiflexural 
ones, which then will take their usual form (19.15). So, the 
phonon spectrum of the given heterostructure practically 
corresponds to the phonon spectrum of a graphene mono-
layer and will not differ essentially from ωTO(Γ) for longi-
tudinal mode and from ωLO(Γ) for quasiflexural mode. The 
influence of substrate on the phonon spectrum of a graphene 
monolayer practically disappears at frequencies exceeding 
ωTO and ωLO.

19.3.3  phonon heat capacity of Graphite 
and Graphene nanofiLms: its 
“non-deBye” Behavior

Experimental study of the low-temperature heat capacity 
is an important and reliable source of information on the 

quasiparticle excitations and, in particular, on the phonon 
spectra. Calorimeter experiments are, as a rule, very accu-
rate and, unlike the majority of optical and ultrasonic experi-
ments, do not require good quality single crystals.

It is evident from both the experimental data (Nicklow 
et al. 1972, Maultzsch et al. 2004), and the calculations given 
above, that the phonon spectrum band for graphite and car-
bon nanofilms is very wide. Calculated Debye temperature 
for graphite is about 2500 K and therefore the phonon heat 
capacity increases with temperature much more slowly than 
the majority of solids. At room temperatures the phonon heat 
capacity is still far from saturation and the electronic con-
tribution to the total heat capacity cannot be considered as 
negligibly small (when compared to the phonon contribution). 
Therefore, the analysis of the temperature dependences of the 
graphite and carbon nanofilm phonon heat capacity, based on 
microscopic calculations is needed for correct interpretation 
of calorimeter measurements.

The temperature dependence of the molar isochoric pho-
non heat capacity CV(T) of a system whose all atoms have 
three degrees of freedom is described through its phonon den-
sity g(ω) as follows (see, e.g., Kossevich 1984):
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where kB is the Boltzmann constant and R ≡ NAkB is the gas 
constant (NA is the Avogadro number). Results of calcula-
tions for graphite, bigraphene, and trigraphene (ABA, ABC) 
are shown in Figure 19.5. This figure shows the temperature 
dependences of the phonon heat capacity of graphite and gra-
phene nanofilms, and also the contributions to these quantities 
from atomic vibrations along the basal plane and along the 
c axis. We use the same designation (numbering of curves, 
colors) as in Figure 19.3.

Usually, when explaining the temperature dependence of 
the phonon heat capacity at low temperatures, it is assumed 
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FIGURE 19.5 Phonon heat capacities of graphite and graphene 
nanofilms. The colors and numbering correspond to the curves in 
Figure 19.3.
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that the main contribution to the phonon heat capacity comes 
from the long-wave low-frequency phonons with the sound 
dispersion relation ω(k) = sk, where s is the sound velocity 
depending on the direction of the sound propagation and 
polarization. For such phonons, the DOS has a so-called 
Debye form:
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where q is the dimensionality of the lattice (number of degrees 
of freedom), ωD is the Debye frequency averaged through all 
directions and polarizations. Then, the phonon heat capacity 
is given by the expression
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In the literature, we usually find these expressions for 
q = 3, see, for example Landau and Lifshits (1969).

At low temperatures T D�Θ(q), the heat capacity is propor-
tional to Tq. In Figure 19.5, the contribution to the heat capac-
ity from displacements of atoms along the basal plane at low 
temperatures is really close to the quadratic one, which is in 
good agreement with the quasi two-dimensional type of the 
spectral densities ρab(ω) (Figure 19.3). We note that the pres-
ence of the symmetry axis of the sixth order in graphene lay-
ers makes them elastic isotropic, which consequently leads 
to the agreement of C TV

ab( )( ) with the Debye model. However, 
the main contribution to the low-temperature heat capacity 
of graphite and, especially, of graphene nanofilms comes, 
as is apparent from Figure 19.5, from atomic displacements 
along the c axis. These displacements propagate in the plane 
of layers as quasiflexural waves with nonacoustic dispersion 
relation (19.15) and their contribution to the phonon heat 
capacity cannot be described by the Debye approximation 
for any q value. The possibility of the decisive contribution 
of the quasiflexural vibrations to the heat capacity of chain 
and layered structures was mentioned for the first time in 
Lifshits (1952).

It is also evident from Figure 19.5 that with the decreasing 
number of layers the phonon heat capacity increases, the main 
part of which is caused by vibrations of atoms in the perpen-
dicular direction to the layer and no appreciable difference in 
the behavior of the phonon heat capacity of trigraphenes with 
different structures is observed.

To summarize, we note that the anomalies in thermal 
expansion of layered crystals, in particular in graphite, the 

so-called “membrane effect,” that is negative values of the 
thermal expansion in the layer plane, are not the result of 
the presence of quasiflexural modes with dispersion relation 
(19.15) in these crystals. The origin of this abnormality is a 
much faster increase with temperature of the mean-square 
displacements of atoms along the c axis than in the direc-
tion along layer (Feodosyev et al. 1998). Such a “membrane 
effect” is observed in a number of compounds in which the 
quasiflexural mode in phonon spectra is manifested very 
weakly (e.g., in niobium diselenide; Gospodarev et al. 2013) 
or is even absent at all (HTSC of 123 type; Eremenko et al. 
2006).

19.4  DISTINCTIVE PROPERTIES OF IMPURITIES 
EFFECT ON THE PHONON SPECTRUM 
OF THE GRAPHENE LAYERS

19.4.1  LocaLization of the viBrations 
on point defects

As was noted in the previous section, function ρc(ω) at 
ω > ωLO(Γ) gets two-dimensional character, that is it actually 
represents the DOS of the quasiflexural branch of a graphene 
monolayer. Thus, the shape of this function corresponds to 
the phonon DOS of a two-dimensional scalar model and so 
it is fully analogous to the electronic density of graphene 
(Novoselov et al. 2005). In particular, on the function ρc(ω) 
near to frequencies ωTA⊥(K) ≈ ωTO⊥(K) V-shaped peculiarities 
appear, similar to the Dirac-like peculiarities on the density 
of the graphene electronic states. Figure 19.6 presents the 
spectral density (normalized to unity) of vibrations polar-
ized along the c axis (i.e., 3ρ(ω), curve 1) and the real part of 
the corresponding local Green’s function Re Gc(ω) (curve 2) 
is related to this function by the Kramers–Kronig relation. 
The behavior of ReGc(ω) near ωTA⊥(K) ≈ ωTO⊥(K) and at 
ω > ωTO(Γ) gives foundation to suppose the existence of the 
Lifshits equation solutions (see, e.g., Kossevich 1984, Lifshits 
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1945), which determines the levels localized at the impurity 
atom:

 Re ( ,{ }).G Sc i( )ω ω= Λ  (19.28)

In Equation 19.28, the function S(ω{Λi}) describes the 
defect influence ({Λi} is a set of parameters characterizing 
defect).

In the frequency range [ωTO⊥(Γ), ωmax] (ωmax is the maxi-
mum frequency of the band of quasicontinuous spectrum) 
vibrations polarized along the c axis are practically absent 
(their contribution is exponentially small) and the function 
Re Gc(ω) has nearly hyperbolic shape, characteristic for the 
Green’s function outside the quasicontinuous band (when the 
given function is real). Therefore, in this frequency range 
sharp resonant levels caused by weak- or strong-bonded impu-
rities may appear. These levels are similar to local vibrations 
that arise under the influence of such defects outside the qua-
sicontinuous band (Lifshits 1945).

As an illustration, Figure 19.6 shows the solutions of 
Equation 19.28 for the case of light (curve 3) and heavy (curve 
4) isotopic substitution impurities (in isotopic approach these 
solutions describe the impurities Li and Cl, respectively), and 
also the local spectral density of the impurity atoms (curves 5 
and 6, respectively). Function S(ω,{Λi}) in case of an isotopic 
substitution impurity depends, in addition to the frequency, on 
the mass of defect, ε(m′ − m)/m (m′ and m are mass of impu-
rity atom and of the atom of the host lattice, respectively) (see, 
e.g., Kossevich 1984).

The behavior of curve Re Gc(ω) gives ground to guess that 
also other defects (e.g., intercalated metals) may stimulate the 
formation of the localized vibrations with frequencies near to 
ω ωTA TOK K⊥ ⊥≈( ) ( ) and may lead to considerable increase in 
the number of phonons near this frequency.

19.4.2  phonon spectrum of Graphite 
intercaLated By metaLs

Graphite structures, intercalated by metals are interest-
ing because the temperature of superconducting transition 
Tc for such compounds essentially depends on the type of 
intercalator. For example, Tc for C6Yb is 6.5 K while for 
C6Ca it is 11.5 K. Since the electronic spectra of these 
compounds probably do not depend on the type of the 
intercalated metal, Tc variations in such compounds are 
dominantly determined by the peculiarities of their phonon 
spectra. Electronic spectra of C6Ca and C6Yb should not 
differ qualitatively even though their structures are differ-
ent. In C6Yb intercalated metal forms a HCP structure and 
the unit cell of this compound contains 14 atoms. In C6Ca 
intercalated metal forms a BCC a lattice and the unit cell 
consists of seven atoms. However, the densities of states 
in these closely packed lattices differ only slightly from 
each other (at identical values of force constants or over-
lapping integrals a difference appears, starting from the 
fourth moment). Overlapping metal–metal and metal–car-
bon integrals differ only slightly (as calcium and ytterbium 

belong to the same group in Periodic table) and hence the 
differences in electronic spectra of these compounds are not 
expected.

The presence of a singularity in the phonon spectrum 
of the quasiflexural vibrations in graphite, analogous to the 
Dirac singularity in the electronic spectrum of graphene, can 
lead to anomalies in the phonon DOS at frequencies near the 
frequency of this singularity. Quasiflexural vibrations are 
analogous to the quasilocal vibrations often appearing in the 
low-frequency region of the quasicontinuous spectrum of var-
ious lattices under the influence of strongly or weakly bonded 
impurities. Models of such lattices are well known (see, e.g., 
Kossevich 1984).

Data on ultrasonic, optical, and other properties of C6Ca 
and C6Yb, which would allow us to calculate the parameters 
of interatomic interactions (as it was done in the first section) 
are currently lacking. It has led us to make some assumptions 
which will not quantitatively affect the behavior of the studied 
spectral characteristics.

Metal intercalated graphite consists of weakly bonded (by 
van der Waals forces) graphene monolayers, between which 
triangular lattices of metal with a period of a0 3  are placed. 
Atoms of both sublattices of graphene monolayers are placed 
one below the other. The distance between metal layers is in 
both compounds ′ ≈c 4 5, Å, see, for example, Emery et  al. 
(2005) and Weller et al. (2009).

We neglect the interaction between carbon and metal 
atoms situated in different layers. The interaction of 
metal atoms within one layer is considered to be a cen-
tral force, that is, the matrices of force constants have 
form (19.1) for βz(Δ) = βx(Δ) = 0, where ∆ = 30a . The 
value of α( 3)0a  can be obtained from Young’s modu-
lus for Ca and Yb polycrystals (Eca ≈ 2.6 × 1010 N/m2 and 
EYb ≈ 1.185 × 1010 N/m2). The value of α( 3)0a  in mono-
layers of calcium is ≈4.0 N/m, and in monolayers of ytter-
bium ≈ 2.75 N/m. The distance between the nearest atoms 

of metal and carbon is r c aC Me− ≡ ′( ) + ≈/ / . ,2 3 2 66
2

0
2  that 

is, it is larger than between the second-nearest carbon neigh-
bors α0 ≈ 2.45 Å, but lower than between the third neighbors 
( ).,2 3 2 830a / ≈ Å  Therefore, it is natural to assume that the 
potential describing this interaction may be considered as pair 
and isotropic, that is βz(rC−Me) = βx(rC−Me) =βx(rC−Me).

As atomic spacings in graphene monolayers do not vary 
due to metal intercalation, the force constants describing 
corresponding interatomic interactions do not change, too. 
Thus, the quantity β(rC−Me) can be found from the condition 
C13 = C31, which in this case becomes
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from which β(rC−Me) ≈ 0.31 N/m, both for the interaction of car-
bon with calcium and of carbon with ytterbium. Experimental 
data for the determination of the force constants α(rC−Me), 
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FIGURE 19.7 Partial contributions to the phonon DOS of the intercalated graphite from the displacements (along the c axis) of carbon 
(curves 2) and metal (curves 3) atoms. Curves 1 correspond to pure graphite. Top to bottom α(rC−Me) = 20, 30, 40, and 50 N/m.
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characterizing central-force interaction between atoms of 
metal and carbon are not available yet.

Therefore it is supposed, based on the distance between 
atoms of carbon and metal in graphite, that the value of this 
quantity will lie in the range from α(rC−Me) ≈ 19.65 N/m to 
α(a) ≈ 50.48 N/m. From this range, we picked up four values 
of this quantity, α(rC−Me) = 20.0, 30.0, 40.0, and 50.0 N/m.

Figure 19.7 shows the frequency dependences of partial 
contributions to the density of phonon states from displace-
ments of metal and carbon atoms in the direction perpendicu-
lar to layers. The areas below dependences corresponding to 
intercalating metal are hatched. In Figure 19.7, the left set 
shows dependences for C6Ca, the right one for C6Yb, the force 
constant α(rC−Me) increases from top to bottom. We see that for 
C6Ca, sharp resonance peaks appear on partial contributions 
from both intercalating metal and carbon. These peaks are 
shifted, with the increase of α(rC−Me), toward the center of the 
frequency range [ ( ), ( )]ω ωTA TOM M⊥ ⊥ , leading to the increase 
of phonon DOS near the Brillouin zone’s K–point, through 
which Fermi level of electrons in graphene passes. For C6Yb 
compound (Yb has more than four times larger atomic mass 
than Ca) the resonance peaks appear at lower frequencies and 
an apparent increase of the phonon state density at frequencies 
near the Brillouin zone’s K-point is observed only for anom-
alously large values of α(rC−Me) ~ 40–50 N/m. Note that the 
temperature of superconducting transition for C6Ca is almost 
1.8 times higher than that for C6Yb.

Figures 19.8a and b present the total phonon DOS for 
both intercalated compounds C6Ca and C6Yb (curves 2) as 
well as contributions to these functions from displacements 
of intercalating metal atoms (curves 3) and the carbon atoms 
(curves 4).

For comparison, in Figure 19.8 the phonon DOS of pure 
graphite is shown by curve 1. It may be seen that the metal 
intercalation appreciably changes the phonon spectrum not 
only at low frequencies, corresponding to the bands of qua-
sicontinuous spectrum of intercalating metals, but also in the 
high-frequency region [ ( ), ( )]ω ωTA TOM M⊥ ⊥

. The presence of 

an intercalator essentially affects the vibrational spectrum 
of carbon, mainly for vibrations polarized along the c axis 
(perpendicularly to graphene layers). In the case of intercala-
tion by lighter atoms of calcium this effect is manifested more 
strongly.

Note that the peculiar features of phonon spectra and 
vibrational characteristics of graphene systems are one of 
the effects of the strong anisotropy of the interatomic inter-
actions. The strong anisotropy of interatomic interactions 
is characteristic for many compounds and could be respon-
sible for important properties of their electronic (in particu-
lar superconducting), magnetic, and other characteristics. It 
determines the character of the phase transition and critical 
phenomena in some structures (Sirenko 2012).

Such unusual behavior of the phonon subsystem in the 
metal intercalated graphite can essentially influence the elec-
tronic properties, in particular the temperature of supercon-
ducting transition Tc. Some qualitative considerations about 
this topic are given in Feher et al. (2009).

It is possible to state unambiguously that for the increase of 
Tc it is necessary to have high phonon frequencies, large elec-
tron–phonon interaction and a considerable density of electron 
states on the Fermi surface. Such properties are manifested 
in, for example, compounds of metals with light elements—
such compounds are, for example, hydrides, borides, carbides, 
and nitrides—since the phonon spectra show high-frequency 
modes corresponding to the vibrations of light atoms (H, B, 
C, N). According to Maksimov et al. (2004), Nagamatsu et al. 
(2001), and Pickett (2006) electrons in MgB2 strongly interact 
only with two quasiflexural modes.

19.5 CONCLUSION

We can conclude that our model of the graphite lattice reflects 
all distinctive peculiarities of its phonon spectrum and allows 
to calculate the vibrational characteristics with high accu-
racy. All force constants in the proposed model are deter-
mined from reliable experimental data obtained by various 
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FIGURE 19.8 Phonon DOS of intercalated graphite (curves 2) and the contributions to them from the displacements of metal (curves 3) 
and carbon atoms (curves 4). The value of parameter α(rC−Me) is 50 N/m. Curves 1 are the phonon DOS of pure graphite.
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experimental methods, such as acoustic, neutron diffraction, 
and optical measurements and scattering of the soft x-rays.

Graphene monolayers possess large flexural stiffness, 
which is clearly manifested in the dispersion relation of the 
transversal phonons polarized along the c axis. A “non-
Debye” behavior of the low-temperature heat capacity of gra-
phene nanofilms is caused by the deviation from the acoustic 
dispersion law for the vibrations polarized along the c axis. 
On a large part of the quasicontinuous spectrum of graph-
ite the isofrequency surfaces are open along the c axis, that 
is at the frequencies exceeding the frequency of the first van 
Hove singularity dispersion relations and phonon densities of 
graphite are identical with those for graphene monolayers.

The transition frequency to the quasi two-dimensional 
behavior (for bulk graphite it is the frequency of the first 
van Hove singularity) the spectral density ρc(ω) decreases 
with the decrease in the number of layers, but the spectral 
density ρab(ω) practically does not change. For spectral den-
sities ρab(ω) the quasi two-dimensional behavior means that 
ρab(ω) ~ ω, that is, it has a two-dimensional Debye form. In 
the long-wave limit the spectral density ρc(ω) is comparable 
with the densities of states in a quasi-flexural mode with 
quadratic dispersion relation and it approaches to a constant 
value, which is inversely proportional to the flexural rigidity 
of layers. In the spectral densities of nanofilms at frequencies 
below the transition frequency to the quasi two-dimensional 
behavior additional singularities appear, caused by the trans-
formation of graphite phonon branches of graphite with the 
wave vector along the c axis into discrete levels. With the 
decrease in the number of layers the phonon heat capacity 
increases and this increase is mainly caused by the perpen-
dicular vibrations of atoms.

There is no essential difference between the spectral den-
sities ρab(ω) and ρc(ω) for trigraphene with ABA-stacking 
and with ABC-stacking. Also, there is no observable differ-
ence in the phonon heat capacity of trigraphenes with dif-
ferent stacks.

A specific form of the spectral density of the correspond-
ing real part of the Green function of graphene monolay-
ers leads to the formation, under the influence of defects, of 
localized states with the frequencies exceeding the maxi-
mum frequency in the quasiflexural branch. It also leads to 
the formation of the quasilocalized vibrations with frequen-
cies near to the quasiflexural mode frequency in the K-point 
of the Brillouin zone. Therefore, intercalation of graphite by 
metals substantially enriches the phonon DOS, the frequency 
corresponding to the K-point of the first Brillouin zone of 
pure graphite. The amount of such enrichment correlates with 
the changes of the superconducting transition temperature in 
C6Ca and C6Yb.
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20 Tuning Atomic and Electronic Properties 
of Graphene by Selective Doping

Cecile Malardier-Jugroot, Michael N. Groves, and Manish Jugroot

ABSTRACT

A comprehensive review on the atomic and electronic proper-
ties of graphene and the effect of dopants on those proper-
ties as well as potential applications for different graphene 
structures is presented. Changes are observed experimentally 
on the properties of pure graphene due to the introduction of 
dopant. Several methods are used to obtain doped graphene, 
which in turn leads to changes in electronic properties of the 
graphene surfaces and can be predicted and characterized 
by powerful numerical methods such as density functional 
theory simulations. The changes in electronic properties 
characterized by natural bond orbital analysis and density of 
state description of graphene highlights important differences 
compared to carbon nanotubes. Doping of graphene as car-
bon support also exhibits a significant effect on the durability 
and efficiency of catalysts for instance in fuel cells applica-
tions. Critical reaction including the complete oxygen reduc-
tion reaction can be explored by quantum-based methods such 
as ab initio molecular dynamics simulations. The predictions 
extensively compared to experimental characterization of the 
different surfaces lead to a complete summary of the synthe-
sis and characterization of the systems. Major applications 
of doped graphene and related changes in electronic proper-
ties of the graphene surface to the specific applications are 
reviewed and discussed.

20.1  RATIONALE ON GRAPHENE 
AND SELECTIVE DOPING

Summary Table
The recent discovery of graphene has 
sparked wide interest given the 
customization of its properties

Novoselov et al. (2012), Wei and 
Liu (2010), Konwg et al. (2014)

Carbon structures have attracted interest in the last decades 
starting with the discovery of fullerene structures and carbon 
nanotubes (CNTs) (Dresselhaus et al. 1996). These new archi-
tectures have a very high surface area due to their nanoscale 
dimensions. It can potentially help develop unique proper-
ties compared to bulk materials, such as very high strength, 
and controllable conductivity. These unique properties would 
also allow the development of novel and high impact applica-
tion such as DNA sequencing, sensors, nanoelectronics, and 
related applications.

The interest in two-dimensional (2D) carbon materials 
such as graphene is more recent, due to the fact that this mate-
rial was thought to be unstable in its free form. Indeed, the 
growth of 2D crystal structures was believed to be unstable 
due to the thermal fluctuations occurring during the crystal 
growth process, which would favor a three-dimensional (3D) 
crystal to the growing 2D structure (Geim 2009). Graphene 
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is a flat surface composed of sp2 hybridized carbon atoms, 
which can be isolated from graphite by layering the graphite 
surface to a single sheet of graphene with an atomic thick-
ness of 0.33 nm as shown in Figure 20.1. This material is the 
thinnest material produced, however it is very stable, durable, 
and possesses unique optical, mechanical, thermal, and elec-
tronic properties (Novoselov et  al. 2012; Kong et  al. 2014). 
Indeed, graphene was characterized to be 200 times stronger 
than structural steel and could produce extremely fast transis-
tors. The interest in graphene-related materials has also been 
proven by the significant increase in scientific papers and 
patent applications in recent years. By isolating the first free 
graphene flakes, A. Geim and K. Novoselov earned the 2010 
Nobel Prize in Physics.

Interestingly, from a strategic point of view, in 2013 the 
European Commission chose graphene as one of Europe’s 
first 10-year, 1000 million Euro future energy technology 
(FET) flagships. This effort involves initially 126 research 
groups in 17 countries focusing on areas of graphene produc-
tion and applications such as transport, communications, sen-
sors, and energy technologies with a budget of €54 million 
for 30 months. In addition, large companies such as Samsung, 

IBM, and Nokia have been investing in graphene research to 
develop novel applications like flexible touchscreens or giga-
hertz transistors. In parallel, high-level initiatives are also 
observed in the United States, Japan, and other regions of the 
world with potential breakthrough high-technology applica-
tions being targeted.

20.2 GRAPHENE: STRUCTURE AND SYNTHESIS

Summary Table
The method of graphene synthesis can 
influence its electrical and structural 
properties

Wei and Liu (2010), Areshkin 
and White (2007), Avouris and 
Dimitrakopoulos (2012), Jiao 
et al. (2010)

Graphene can be synthesized by several methods rang-
ing from chemical methods to plasma-based techniques. 
Graphene was first produced mechanically from graphite in 
2004 (Novoselov et  al. 2004), although prior experiments 
had been successfully performed but the sheets had irregular 
properties (Choi et al. 2010).

FIGURE 20.1 Graphene (top) is the sp2-hybridized 2D precursor to the zero-dimensional buckey ball (bottom left), 1D nanotube (bottom 
middle), and 3D graphite (bottom right). Even though each of these structures is composed of the exact same material with similar bonds, 
they each possess unique characteristics as a catalyst support. (Reprinted with permission from Geim, A. K. and K. S. Novoselov. 2007. 
Nature Materials 6:183–91.)
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The different attractive properties of graphene are directly 
linked to the shape, size, edges, and layer structures (Wei 
and Liu 2010). Indeed, graphene nanoribbons smaller than 
10 nm are expected to be semiconductors due to the quan-
tum confinement effect (Son et al. 2006). Larger nanoribbons 
could be either metallic or semiconductors depending on 
the edge configuration of the graphene nanoribbons. These 
important tunable properties of graphene could lead to an 
all graphene nanocircuit depending on the semiconductor 
or metallic character of the different components of the cir-
cuit (Areshkin and White 2007). In a quest to control the 
properties of pure graphene, several synthetic methods have 
been developed including small-scale as well as bench-scale 
methods. Graphene can be obtained by mechanically split-
ting 3D graphite into 2D graphene sheets. This method was 
the first successful method used to isolate graphene (Geim 
2009). However, this method is very time consuming and 
could not be implemented on a large scale. Liquid exfolia-
tion can also be performed but the defect levels are high and 
cannot be controlled. Graphene can also be grown epitaxially 
on metals but can potentially suffer from structural defects 
(Avouris and Dimitrakopoulos 2012). Plasma-enhanced 
models are also relevant for the synthesis of graphene as 
well as doped-graphene, for instance N-doped type (Bo et al. 
2013). Interestingly, the main advantage of plasma method is 
that it can be synthesize on virtually any selected substrate. 
Moreover, instead of doping graphene during growth, a post-
processing method can also be considered by exposure to a 
plasma (Lin et al. 2010). Plasma processes can also be tai-
lored to favor less harsh environmental conditions (low tem-
perature, short treatment time, and reduced toxicity) for the 
doping reaction (Wang et al. 2012).

Another method used for the synthesis of graphene is 
chemical vapor deposition (CVD). This method is very simi-
lar to the growth of CNTs, where the catalyst pattern favors 
the growth of the graphene layer (Wei and Liu 2010). The con-
trol of the edge configuration can be obtained by etching of 
the graphene layer. The precise shapes are produced using a 
resist, which will protect the area of the graphene layer that 
will not be etched. Then the etching is performed using an 
oxidative plasma etching.

Graphene sheets with very precise conformation can also 
be produced by opening a carbon nanotube (CNT). This 
method was used to obtain aligned graphene nanoribbons 
(Jiao et al. 2010). The CNTs (either single or small multiwall) 
are deposited on a SiO2/Si substrate, then the CNT are coated 
with a layer of poly(methyl methacrylate), the upper layer 
of protective PMMA is removed to expose the CNT to Ar 
plasma to produce the unzipped graphene nanoribbons. This 
method produces nanoribbons with very smooth edges and 
narrow width. As can be revealed by the increased number of 
research articles in literature on the development of controlled 
synthesis of graphene, a slight change in the conformation and 
size of graphene can have a large impact on its properties. 
This possibility to tune the properties of graphene opens a 
wide range of applications.

20.3 DOPING OF GRAPHENE

Summary Table
Doping of graphene with nitrogen, 
boron, and oxygen can occur through 
chemical vapor deposition, 
electrothermal reactions with 
ammonia, microwave plasma reaction, 
microwave-induced annealing, and the 
chemical reduction of graphite oxide

Reddy et al. (2010), Qu et al. 
(2010), Wei et al. (2009), Dato 
et al. (2008), Xu et al. (2008), 
Li et al. (2009), Wang et al. 
(2009), Kim et al. (2014)

Doping of graphene with boron can 
occur through chemical vapor 
deposition, and by arc-discharge 
method in a hydrogen atmosphere

Ayala et al. (2008), Palnitkar 
et al. (2010)

Doping of graphene with oxygen may 
occur with exposure to ozone and 
light by cycloaddition, or by using 
graphene oxide as a starting material

Ghosh et al. (2010), Suggs et al. 
(2011), Lota et al. (2011), Zhu 
et al. (2010), Wang et al. (2009)

The different applications and tremendous opportunities for 
graphene due to its unique properties could be significantly 
increased if the properties could be tuned and controlled 
for specific applications. The properties can be altered by 
a conformational change but also using functionalization 
of the material or by doping. The dopants change the elec-
tronic structure of the CNT without significantly modifying 
its morphology. For instance, pure CNTs vary between semi-
conducting to metallic while both boron and nitrogen doped 
nanotubes are exclusively metallic (Glerup et al. 2003).

20.3.1 n-doped Graphene

In addition, N-doped carbon structures such as CNTs have 
been shown experimentally to improve the durability and 
uniformity of the interaction between the carbon structure 
and metal nanoclusters such as platinum (Pt) nanoclusters 
as shown in Figure 20.2 (Saha et  al. 2009). This property 
will allow smaller metal catalysts to be deposited on car-
bon nanoarchitectures, while maintaining or improving the 
durability of the catalyst therefore increasing significantly 
the surface area of the metal catalyst compared to traditional 
deposition methods. The increase in surface area is expected 
to show significant improvement for applications such as 
sensors, catalytic activity, and electrochemical applications. 
Indeed, it has been shown experimentally that Pt3Co alloy 
dispersed on an N-doped graphene exhibited a power density 
four times higher than commercial Pt/C cathode (Vinayan 
et  al. 2012). This improved efficiency of the fuel cell was 
attributed to the uniform dispersion of the metal nanoclusters 
on N-doped graphene and to the increased catalytic activ-
ity of both the PtCo alloy and pure N-doped graphene. It is 
important to note that pure N-doped graphene also displays 
interesting catalytic activities. N-doped graphene has been 
studied experimentally as catalyst for the oxygen reduction 
reaction (ORR) in fuel cells and compared to Pt/C cathodes 
(Shao et al. 2010). This study determined that the metal-free 
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N-doped graphene greatly increases the catalytic activity 
toward ORR compared to metal-free graphene. This catalyst 
exhibits a lower catalytic activity compared with Pt/C cata-
lyst freshly deposited, however after accelerated degradation 
testing, the metal-free N-doped graphene exhibits higher cat-
alytic activity than Pt/C catalyst emphasizing the improved 
durability of the N-doped graphene. The long-term stability 
of N-doped graphene and improved tolerance to poison effect 
when compared to Pt/C was also observed for the ORR in 
alkaline fuel cell with N-doped graphene synthesize by CVD 
(Qu et al. 2010) and N-doped CNT (Gong et al. 2009). The 
N-doped graphene can be produced by various large-scale 
methods including CVD (Wei et  al. 2009; Qu et  al. 2010; 
Reddy et  al. 2010) electrothermal reactions with ammonia 
(Wang et al. 2009), microwave plasma reaction (Dato et al. 
2008), microwave-induced annealing (Kim et al. 2014), and 
the chemical reduction of graphite oxide (Xu et al. 2008; Li 
et  al. 2009). The catalytic properties of N-doped graphene 
have also been emphasized in the fast direct electron trans-
fer kinetics for glucose oxidase and reduction of hydrogen 

peroxide an unwanted side reaction in the fuel cell ORR. 
Furthermore, the N-doped graphene was shown to exhibit 
high sensibility and selectivity for glucose biosensing (Wang 
et al. 2010).

20.3.2 B-doped Graphene

In addition to N-doped surface, Boron-doped carbon sur-
face are expected to tune the properties of pure graphene. 
Boron-doped carbon structures have been synthesized 
directly through chemical vapor deposition (Ayala et  al. 
2008) and by arc-discharge method in a hydrogen atmo-
sphere (Palnitkar et  al. 2010) and are considered stable. 
B-doped carbon structures have attracted interest in the 
field of electronics (Panchakarla et al. 2009). Furthermore, 
boron-doped graphene is more conductive than pure gra-
phene due to a larger density of states generated near the 
Fermi level. This property allowed an improved hole-col-
lecting ability for better photovoltaic efficiency in solar cells 
(Lin et al. 2011).

20.3.3 o-doped Graphene

Doping graphene with oxygen is expected to have a signifi-
cant increase of the carbon–surface/metal interactions for 
the synthesis of more durable catalysts with optimized metal 
surface area and a decrease in the amount of metal needed 
for an optimal catalytic efficiency (Groves et  al. 2012). 
Therefore, O-doped graphene is a very promising system 
and some efforts are developed to efficiently control their 
synthesis. For instance, oxygen doping of the sidewall of a 
CNT can be achieved by exposing them to ozone and light 
by cycloaddition (Ghosh et al. 2010; Lota et al. 2011; Suggs 
et al. 2011).

Another structure of graphene, graphene oxide, has shown 
some promise for applications as field effect transistors, sen-
sors, transparent conductive films, clean energy devices (Zhu 
et  al. 2010), and in polymer composites for supercapacitors 
(Wang et al. 2009).

These tunable properties of novel materials based on 
doped  graphene are expected to open opportunities for 
efficient and integrated nanodevices. It is therefore very 
important to develop new methods to synthesize graphene 
and doped graphene with precise geometries, controlled at 
the nanoscale level, which could be transferable to large-
scale synthesis. Equally important for the development 
of new materials is understanding the influence of the 
doping  process on the electronic properties of graphene. 
Therefore, the next part of the chapter will focus on molecu-
lar  simulation studies using predictive numerical tools on the 
electronic  structures of pure graphene and four doped gra-
phene  surfaces (O, B, N, and Be). The predictions and novel 
 properties of these materials will be compared to pure gra-
phene for a specific application dependent on carbon support 
for durability and efficiency: proton exchange membrane 
fuel cells.
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FIGURE 20.2 TEM images of (a) regular CNTs and (b) CNx 
grown on carbon paper after deposition of Pt nanoparticles. Insets: 
size distribution of Pt particles. (Reprinted from Electrochemistry 
Communications, 11, Saha, M. S. et al., 3-D composite electrodes 
for high performance PEM fuel cells composed of Pt supported on 
nitrogen-doped carbon nanotubes grown on carbon paper, 438–41, 
Copyright 2009, with permission from Elsevier.)
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20.4  ELECTRONIC PROPERTIES OF DOPED 
GRAPHENE: APPLICATION FOR PROTON 
EXCHANGE MEMBRANE FUEL CELLS

Summary Table
Reduced platinum group metal 
loading necessary for 
commercialization of PEMFC

Gasteiger et al. (2004), Wang 
(2005), Shao et al. (2007)

Carbon fullerenes, including 
graphene, are a promising catalyst 
support due to their electronic and 
structural properties

Serp et al. (2003), Lee et al. (2006), 
Stankovich et al. (2006), Si and 
Samulski (2008a)

Graphene doping reduces 
agglomeration of deposited metal 
through modifications in the local 
molecular orbitals

Jafri et al. (2010), Brownson et al. 
(2011), Groves et al. (2009, 2012), 
Tang et al. (2013)

Doped graphene has also been 
shown to act as a metal-free 
catalyst through a reduction of the 
HOMO–LUMO gap

Zhang and Xia (2011), Shao et al. 
(2010), Matter et al. (2006), 
Maldonado and Stevenson (2005), 
Niwa et al. (2009), Tsetseris et al. 
(2014)

Economic and environmental arguments motivate the devel-
opment of other energy-generating systems, which do not 
negatively alter the global ecosystem. Similar to the mix 
of fossil fuel-based technologies that propelled humanity 
through the industrial revolution to the present, there will be 
no one breakthrough that will form the solution to this issue. 
Instead, a portfolio of ecologically and commercially viable 
power sources will be necessary so that a variety of applica-
tions can be satisfied. One of the focus applications for tuning 
graphene properties has been geared toward fuel cells appli-
cations and more specifically to improve the catalytic effi-
ciency and catalyst durability for proton exchange membrane 
fuel cells (PEMFCs).

The PEMFC is one possible technology that would fit 
these criteria. A PEMFC is a refuelable battery, which intakes 
hydrogen and oxygen gas to produce a current. Its only 
exhaust is water. A schematic of a proton exchange membrane 
fuel cell is shown in Figure 20.3. Hydrogen gas enters on the 
anode side and is split into two protons and two electrons as 
indicated in the half-cell reaction. The electrons are collected 
and passed through the circuit producing electricity. When 
the protons pass through the proton conduction barrier to the 
cathode they react with oxygen gas and form water as indi-
cated by the cathode half-cell reaction. The reaction of the 
overall process is

 2H O 2H O 1 23V2 2 2+ = ° =E .

where E° is the standard reduction potential.
These units would be useful in portable power genera-

tion in applications ranging from mobile electronics to auto-
mobiles. Other applications might include stationary power 
sources for individual buildings (Knights et  al. 2004). One 

of the principal reasons why it is not widely used is due to 
the cathode half-cell reaction. The best currently available 
catalyst is platinum, which is extremely expensive. Much less 
platinum is required on the anode than on the cathode, which 
was found to be where the rate limiting step for the reaction 
resides (Gasteiger et al. 2004; Wang 2005). Furthermore, there 
are durability issues where the platinum tends to agglomer-
ate under operating conditions causing the overall reaction to 
slow down (Shao et al. 2007). As a result, a twofold problem 
occurs where the system costs more than what it is competing 
to replace up front and also would need to be replaced sooner. 
This means that an increase in durability and activity of the 
cathode would help bring this technology to greater use and 
could be achieved by including high surface area nanomateri-
als such as graphene.

20.4.1 cnts as a cataLyst support

CNTs, being one-dimensional (1D) carbon structures formed 
by sp2 hybridized carbon, were tested as a catalyst support 
prior to graphene, given that it only recently became pos-
sible to isolate individual sheets from graphite (Novoselov 
et  al. 2004). The synthesis of graphene, which had previ-
ously been thought to be thermodynamically unstable (Geim 
and Novoselov 2007), was initially focused on nanoelectri-
cal applications and condensed matter physics, but it soon 
became apparent that graphene could also serve as a catalyst 
support. The work with CNTs for fuel cell applications only 
predate using graphene by a couple of years, however, it is 
still useful to examine their properties given that CNTs and 
graphene share similar properties.

CNTs are also very interesting catalyst supports, which are 
mechanically strong, chemically inert, possess a high surface 
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area, and can be electrically conductive (Serp et  al. 2003). 
According to a review (Lee et al. 2006) several methods for 
platinum deposition have been created, since the synthesis 
method can greatly affect the catalyst morphology, utiliza-
tion, and activity. This effort is buoyed by the fact that CNTs 
have a superior electric conductivity and higher surface area 
than the typical carbon black supports commonly used. One 
of their positive attributes, their chemical inertness, is also 
a shortcoming. Their resistance to the environmental operat-
ing conditions in a fuel cell also makes it more difficult to 
deposit a stable, well-dispersed layer of platinum on its sur-
face. Therefore, the deposition technique causes such varia-
tion in the properties of the catalyst layer.

One of the first instances where CNTs were incorpo-
rated into a proton exchange membrane fuel cell was by 
Rajalakshmi et al. (2005). As CNTs are inert, adsorption of 
platinum to their exterior wall requires the application of 
strong acids such as H2SO4 or HNO3. This functionalizes the 
nanotube walls with hydroxyl, carboxyl, and carbonyl groups 
that are necessary to anchor the metal ions (Yu et al. 1998). 
A study by Rajalakshmi et al. demonstrates the necessity to 
create these metal-bonding sites given that they measured an 
increase in performance (~40 mV) and platinum dispersion 
between CNTs pretreated with a strong solution of HNO3 
from those without the treatment (Rajalakshmi et al. 2005). 
This process was enhanced by sonication of the nanotubes 
(Xing 2004).

Functionalization of the CNTs to promote platinum dis-
persion and adhesion has proven to be an important step in 
producing superior electrodes. Another way of achieving this 
property on CNTs is to substitute another element for carbon, 
such as nitrogen or boron, in the lattice. Shortly after the CNT’s 
initial discovery (Iijima 1991) there were already reports of 
substituting boron and nitrogen for carbon in these structures 
(Stephan et al. 1994; Weng-Sich et al. 1995; Zhang et al. 1997). 
The dopants change the electronic structure of the CNT with-
out significantly modifying its morphology. For instance, pure 
CNTs vary between semiconducting to metallic while both 
boron and nitrogen doped nanotubes are exclusively metallic 
(Glerup et al. 2003). These dopants can facilitate the same role 
as functionalization with strong acids without the intermediate 
step since doping can occur during synthesis.

Simply doping the CNT with nitrogen has been shown to 
increase its activity for the ORR with and without any catalyst 
metal (Matter et al. 2006; Sidik et al. 2006). When platinum is 
used as a catalyst, the nitrogen doping has been credited with 
increasing the binding energy between the platinum and the 
support as well as increasing its activity for the ORR (Shao 
et  al. 2007). The nitrogen atom promotes the delocalized π 
bonds around the carbon lattice given that it is an electron 
donor, which contributes to reducing the electrical resistance 
of the support (Maiyalagan and Viswanathan 2005). These π 
sites contribute to the basicity of the carbon surface, which in 
turn benefit the platinum–support interaction (Coloma et al. 
1994; Antolini 2003).

Due to these benefits, nitrogen doping of CNT supports 
for platinum catalysts in proton exchange membrane fuel cells 

has been increasingly explored. Indeed, a study by Saha et al. 
(2009) compared nitrogen-doped CNTs, and pure CNTs to 
conventional E-TEK platinum/carbon electrodes. Their moti-
vation included looking for alternatives to acid treatments of 
CNTs to functionalize their inert surface, which can weaken 
their electrical and structural properties. Both the pure and 
nitrogen-doped CNTs were created with an aerosol-assisted 
chemical vapor deposition process directly onto carbon paper. 
This was to ensure that all the grown nanotubes as well as the 
deposited platinum were in electrical contact with the external 
circuit. It was observed that the nitrogen-doped CNTs pos-
sessed smaller, better dispersed platinum nanoparticles than 
was observed on pure CNTs. This can be seen in Figure 20.2. 
The platinum dispersion is credited with the higher catalytic 
activity measured when used as a cathode in a proton exchange 
membrane fuel cell when compared to the pure CNT support 
and the standard platinum/carbon electrode.

The effect of nitrogen atomic percent on particle size and 
stability was characterized by Chen et al. (2009) who reported 
that for CNT samples with a nitrogen atomic percent (at%) of 
1.5, 5.4, and 8.4 produced deposited platinum particle sizes of 
5.0 ± 2.3, 4.8 ± 2.0, and 4.2 ± 1.7 nm, respectively. Their pure 
CNT case had a larger average platinum nanoparticle size 
with a greater distribution at 6.2 ± 3.4 nm. This positive trend 
with particle size also held up for stability. The CNT sample 
with the largest nitrogen content was able to retain 42.5% of 
its initial electrochemical surface area compared to 26.6% 
(5.4 at% N), 20.2% (1.5 at% N), 11.2% (pure CNTs), and 4.6% 
(standard platinum carbon electrode) after 4000 cycles under-
going voltammetric cycling between 0.6 and 1.2 V in oxygen 
saturated sulfuric acid. This test was meant to mimic the con-
ditions on the cathode of a proton exchange membrane fuel 
cell and to measure the agglomeration of the platinum. The 
final particle sizes followed the same trend as before where in 
all cases the particle size roughly doubled. The rationale for 
this effect was again attributed to the nitrogen atom having an 
extra electron to enhance the delocalized π bond interaction 
with the platinum nanoparticle.

20.4.2 Graphene as a cataLyst support

When it was initially shown that stable graphene was possible, 
applications were focused on nanoelectrical applications and 
condensed matter physics. However, it soon became apparent 
that graphene could also serve as a catalyst support. The many 
benefits that this carbon geometry exhibits are similar to 
CNTs and include thermal conductivity and mechanical sta-
bility of graphite in-plane (its fracture strength should match 
CNTs with an equivalent number of defects), but the most 
interesting is their high electrical conductivity (Stankovich 
et al. 2006) where the charge carriers have been described as 
massless (Geim and Novoselov 2007).

One other major benefit of graphene over CNTs is the abil-
ity to fabricate these 2D structures at industrial scales. The 
many layers of graphite, a readily available material, are not 
easily dissociated to yield a suspension of graphene plates. 
Graphene oxide, a heavily oxidized version of graphite bearing 
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hydroxyl and epoxide functional groups on its basal planes 
and carboxyl and carbonyl groups along its edges, is highly 
hydrophilic, which swells and separates in water. This results 
in a stable suspension of graphene sheets and is a good start-
ing place to fabricate composite materials. Graphene oxide is 
electrically insulating but its conductivity can be restored by 
chemical reduction (Stankovich et al. 2006).

Unfortunately, chemical reduction also immediately 
removes the oxygen groups, which were key in dispersing the 
graphite. Furthermore, this reaction being achievable only in 
water, limits other additives that are hydrophobic and will not 
disperse to form nanocomposites. To circumvent this drawback, 
a three-step reduction process was developed (Si and Samulski 
2008b) that replaces the oxygen-based groups with SO3H 
groups, which keep the sheets separated. Sodium borohydride 
was first used to remove the majority of oxygen-based function-
ality before sulfonating using diazonium salt of sulfanilic acid. 
A reduction step with hydrazine removes the remainder of the 
oxygen-based groups. Sodium borohydride cannot be used for 
this final reduction step since it causes complete precipitation of 
graphite. This process restores the conductivity of the resulting 
graphene plates (1250 S m−1) to a quarter of the conductivity of 
the original graphite (6120 S m−1). To put this into perspective, 
the conductivity of the graphene flakes before the final hydra-
zine reduction is only 17 S m−1 due to the oxygen functionaliza-
tion disrupting the π conjugated system. This lightly sulfonated 
product can be dispersed in water and mixed with other sol-
vents including methanol, acetone, and acetonitrile.

This process was then used to create a stacked platinum 
nanoparticle/graphene sheet structure used to demonstrate 
that it can function as a cathode for the proton exchange mem-
brane fuel cell (Si and Samulski 2008a). One large advantage 
that graphene sheets display over graphite is their incred-
ibly large surface area given that each face of each sheet 
is exposed. When the aqueous solution is dried the sheets 
agglomerate, thus greatly reducing the surface area. Even 
stacks of only ten graphene sheets revert to properties more 
analogous to graphite. To prevent this, platinum nanoparticles 
are formed on both sides of the suspended sheets so that the 
platinum can force a gap between each sheet retaining expo-
sure and the unique properties of the graphene as illustrated 
in Figure 20.4. This composite material was synthesized by 
reducing chloroplatinic acid onto the dispersed lightly sun-
fonated graphene flakes with methanol. The resulting flakes 
were precipitated out of solution with sulfuric acid, filtered 
from the solution and then dried. The presence of surfactant 
3-(N,N-dimethyldodecylammonio) propanesulfonate during 
the reduction of the platinum inhibits large-scale agglomera-
tion and creates nanoparticle sizes of 3–4 nm. The material 
had a measured surface area of 862 m2 g−1 determined using 
the Brunauer, Emmett, and Teller (BET) method, which uses 
the adsorption of a gas to determine this quantity (Brunauer 
et al. 1938). This is about a third the surface area of single gra-
phene sheet (~2600 m2 g−1). This implies that on average three 
graphene sheets separate each layer of platinum. When used 
in a proton exchange membrane fuel cell with hydrogen and 
oxygen as the reactant gases a current density of 300 mA cm−2 

was measured at 0.65 V and 65°C. It was not compared to 
any traditional support since this result was only meant for 
demonstration purposes. It was recommended that further 
optimization of their graphene/platinum catalyst needs to be 
optimized for this application before it could yield improve-
ments over more traditional supports (Si and Samulski 2008a). 
For instance, it has been suggested that Pt–graphene supports 
should have greater long-term stability than Pt–CNT systems 
(Kauffman and Star 2010).

Analogous to CNT support development, nitrogen doping 
in the context of a graphene support was also explored (Jafri 
et al. 2010). In this work, graphene platelets were prepared by 
rapidly heating heavily oxidized graphite to 1050°C in under 
a minute in an argon atmosphere. This causes the rapid evolu-
tion of carbon dioxide between the graphene sheets and its 
liberation is strong enough to overcome their van der Waals 
attraction. It also removes the oxygen species and restores 
conductivity to the flakes (Schniepp et al. 2006). Once sepa-
rated, they exposed them to a nitrogen plasma, which added 
about 3 at% of nitrogen to the graphene. Hexachloroplatinic 
acid was then reduced onto the nitrogen-doped graphene 
flakes using sodium borohydride to create a 0.5 mg of plati-
num per cm2 deposition. Electrochemical measurements were 
then taken by forming this product into a cathode for a proton 
exchange membrane fuel cell. It was compared to graphene 
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Dispersion of graphene Graphene in dry state

Nanoparticle modified graphene
in dry state

Dispersion of nanoparticle
modified graphene

FIGURE 20.4 Schematic of graphene sheets and nanoparticle-
modified graphene sheets in its dispersion and dry state. (a) 
Graphene sheets, isolated graphene sheets exist in its dispersion; in 
the dry state, graphene sheets aggregate and stack into a layered 
structure like graphite. (b) Nanoparticle modified graphene sheets; 
isolated sheets exist in its dispersion; in the dry state the nanopar-
ticles with diameters spanning several nanometers act as nanoscale 
spacers to increase the interlayer spacing between graphene sheets, 
thus making both faces of graphene accessible. (Reprinted with per-
mission from Si, Y. and E. T. Samulski. Exfoliated graphene sepa-
rated by platinum nanoparticles. Chemistry of Materials 20:6792–7. 
Copyright 2008 American Chemical Society.)
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flakes formed from the same rapid heating process but then 
functionalized in nitric and sulfuric acids (similar to previ-
ous CNT functionalization) before reducing a similar amount 
of platinum onto them. The result parallels the CNT result 
in that the power output from the nitrogen doped graphene 
flakes was 50 mW cm−2 superior to the pure graphene flakes 
(Jafri et al. 2010). It was inferred that the process creates pyr-
rolic nitrogen defects, which serve as anchoring sites that 
improve support-catalyst binding or electrical conductivity. 
This enhances the catalytic properties of the graphene struc-
ture (Brownson et al. 2011).

Synthesis of these nitrogen-doped graphene structures 
demonstrates that they are useful for fuel cell applications. 
Given this success, it is important to understand how the dop-
ants modify the support and generate these effects to be able 
to optimize their role. Physical techniques such as Raman 
spectroscopy have proven to be a useful characterization 
tool of graphene (Ferrari et  al. 2006) and doped graphene 
(Casiraghi 2009). However, ab initio methods such as density 
functional theory (Hohenberg and Kohn 1964) are incredibly 
insightful to determine what new materials are worth pursu-
ing (Shao et al. 2007).

20.4.3  dopinG in Graphene to increase pLatinum–
carBon interaction strenGth

It has been reported in the literature (Wang 2005; Shao 
et al. 2007; Lepro et al. 2008; Wu et al. 2008) that nitro-
gen-doped carbon supports can increase the durability and 
activity of a Pt catalyst. The effects of nitrogen doping in 
graphene flakes were examined by Groves et  al. (2009), 
such as the increase in interaction strength between plati-
num and graphene when doped with nitrogen. Using ab ini-
tio methods (Frisch et  al. 2004), the multipurpose hybrid 
functional B3LYP (Becke 1993), and effective core poten-
tial basis set Lanl2DZ (Hay and Wadt 1985a,b; Wadt and 
Hay 1985), six graphene flakes are examined: a pristine gra-
phene flake composed of 42 carbon atoms and 16 hydrogen 
atoms that serve to terminate the edges, as well as five nitro-
gen-doped configurations. These five configurations serve 
to determine how the number of nitrogen atoms, as well 
as their proximity to the binding carbon atom changes the 
platinum–surface interaction. One is a single nitrogen sub-
stitution, which is illustrated in Figure 20.5. There are two 
nitrogen substitutions where the nitrogen–nitrogen distance 
is 5.15, 3.79, and 2.50 Å. The final one has one-quarter of 
the carbon atoms exchanged with nitrogen atoms uniformly 
over the flake. This final one serves both to see what effect 
high nitrogen content has on the interaction, but also serves 
to keep these simulations as close as possible to what real-
istically can be fabricated. The single nitrogen-doped case 
corresponds to a very low nitrogen content while the two 
nitrogen doped cases serve to identify how proximity to the 
binding carbon plays a role.

To determine the root cause of the enhanced platinum–
substrate interaction observed experimentally in nitrogen 
doped graphene means that platinum will also need to be 

added to the flake. For these calculations, a single platinum 
atom was used. This was to reduce the computational cost of 
the simulations but can also still provide an accurate descrip-
tion of physical systems (Sidik and Anderson 2002). Changes 
due to doping are local to the atoms that are adjacent to dop-
ant (Acharya and Turner 2008). Consequently, large platinum 
clusters may not even be helpful when examining the effects 
of doping.

The result of the calculations is that the binding energy 
increases between the platinum atom and the surface with an 
increase in the number of nitrogen atoms incorporated into 
the surface as well as a decrease in the dopant’s proximity 
to the binding carbon atom. The resulting binding energies 
are reported in Table 20.1. It is interesting to note that there 
appears to be a limit on the positive effect that nitrogen dop-
ing has on the system based on the 2.50 Å two nitrogen-doped 
system and the quarter-doped case. There is only a 0.011 eV 
gain by adding the extra nine nitrogen atoms. The proximity 

FIGURE 20.5 The single nitrogen-doped graphene flake.

TABLE 20.1
Interaction Strength Calculated between a 
Nitrogen-Doped Graphene Flake and a Single Platinum 
Atom
Nitrogen Arrangement Platinum Binding Energy (eV)

None −1.271

One −1.695

Two N (5.16 Å) −2.038

Two N (3.79 Å) −2.328

Two N (2.50 Å) −2.510

Quarter N −2.521

Source: Groves, M. N. et al. 2009. Chemical Physics Letters 481:214–9.



313Tuning Atomic and Electronic Properties of Graphene by Selective Doping

of the nitrogen atoms in the quarter-doped case may not be 
as close as in the 2.50 Å two nitrogen-doped case, however, 
the small increase in binding energy may not outweigh the 
large cost in stability to the graphene flake due to the large 
number of dopants. The addition of nitrogen atoms increases 
the number of dislocations in the lattice (Terrones et al. 2002; 
Trasobares et al. 2002; Maldonado and Stevenson 2005) due 
to nitrogen’s propensity to form pentagonal structures. While 
this has been shown to increase the hardness and elasticity 
of the resulting structure (Sjostrom et al. 1995) there can be 
penalties to its activity at least in CNT systems with direct 
methanol fuel cells (Maiyalagan 2008). At least in CNT sys-
tems, for nitrogen substitutions up to 8.4 at%, a decrease in 
deposited platinum nanoparticle size and a greater resistance 
to agglomeration was observed using cyclic voltammetry 
(Chen et al. 2009).

What the nitrogen doping accomplishes in the graphene 
flakes is to locally disrupt the delocalized double bonds char-
acteristic of the aromatic rings, which allows for the adjacent 
carbon atom to form a true bond with the platinum atom. 
When no dopant is present, the platinum–graphene inter-
action can be described as a donation from the graphene π 
orbital into an empty platinum orbital (Cotton and Wilkinson 
1988, 72). This is reciprocated by the platinum atom donating 
into the empty π* orbital. When nitrogen is introduced, the 
π orbital seems to be disrupted allowing the adjacent carbon 
atom to use an sp3 hybridized orbital to interact with the plati-
num atom. This is depicted in the molecular orbitals shown 
in Figure 20.6.

The nitrogen atoms also serve to increase the positive 
charge on the binding carbon atom.

When no dopant is present the binding carbon atom 
is essentially zero. When one nitrogen atom is present it 
increases to 0.4424e and when two nitrogen atoms are adja-
cent to the binding carbon atom it rises again to 1.079e. This 
increase in positive charge is attractive to the platinum atom 
given its large number of electrons that is available to bond 
with the surface (Groves et al. 2009).

Moreover, other second row dopants in graphene flakes, 
including beryllium, boron, and oxygen (Groves et al. 2012), 
change its structure and properties, which can have positive 
effects on the ORR. In this work, the Pople basis set 6-31G(d) 
is used to describe the light elements (Hehre et  al. 1972; 
Frisch et  al. 1984) while the Stuttgart—Dresden pseudopo-
tential (SDD) is effective core potential for the platinum atom 
(Dolg et  al. 1987; Andrae et  al. 1990). This basis set com-
bination had been shown to describe transition metal com-
plexes better than the Lanl2DZ basis set (Buhl and Kabrede 
2006; Buhl et  al. 2008). The B3LYP hybrid functional was 
also used for this work. As was calculated with the nitrogen-
doped case, all the dopants modified the surface in a way that 
increased the interaction energy with the platinum atom. This 
interaction turns out to be stronger the further the element 
was positioned away from carbon in both directions along the 
second row. The substrate that yielded the strongest binding 
energy was the oxygen doped where a sevenfold increase over 
the undoped case was calculated (Groves et al. 2012). All the 
binding energies from this study can be found in Table 20.2.

These three new dopants also interrupted the usual molec-
ular orbital configuration in graphene. Depending on whether 
the dopant came from a group with a larger or smaller num-
ber of valence electrons than carbon determined its interac-
tion with the platinum. Indeed, nitrogen and oxygen possess 
increasingly full valence shells relative to carbon, which are 
satisfied by in-surface interactions. Beryllium and boron pos-
sess relatively empty valence shells, which can also still satisfy 
bonding arrangements in the surface. The difference between 
the two types of dopants, to the right, and to the left of carbon, 

FIGURE 20.6 Molecular orbitals showing the change in the inter-
action between the platinum atom and the surface. (a) Pure graphene 
flake. (b) Single nitrogen doped graphene flake. (Reprinted from 
Chemical Physics Letters, 481, Groves, M. N. et al., Improving plati-
num catalyst binding energy to graphene through nitrogen doping, 
214–9, Copyright 2009, with permission from Elsevier.)

TABLE 20.2
Interaction Strength Calculated between a Single 
Second Row Doped Graphene Flakes and a Single 
Platinum Atom

Dopant Platinum Binding Energy (eV) PBC Pt BE (eV)

None −0.37 −4.05

Nitrogen −0.72 −4.56

Boron −0.99 −4.78

Beryllium −1.86 −5.92

Oxygen −2.59 −6.80

Source: Groves, M. N., C. Malardier-Jugroot, and M. Jugroot. 2012. The 
Journal of Physical Chemistry C 116:10548–56.
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is that when the valence shell is relatively empty the platinum 
will interact with the dopant and the adjacent carbon atom. 
When the valence shell is full, the platinum interacts almost 
exclusively with the adjacent carbon atom (Groves et al. 2012).

This has two interesting implications. The first is that as the 
valence shell becomes increasingly full/empty, a defect in the 
graphene lattice becomes more pronounced, which allows the 
platinum atom to bind more strongly with the surface. As was 
explained previously in the nitrogen-doped case, the nitrogen 
atom only needs three bonds to fill its valence shell. This cre-
ates a binding site on the adjacent carbon atom that used to be 
filled by the delocalized double bond and has characteristics 
of an sp3 hybridized orbital. Oxygen only requires two bonds 
to fill its valence shell. This leave one carbon atom with an 
open binding site, which it uses to interact very strongly with 
the platinum atom. This bond has an sp2-like character since 
the platinum–carbon bond resembles a typical graphene car-
bon–carbon bond. This trend is also seen in boron and beryl-
lium: as elements are selected moving to the left of carbon, 
the binding energy increases due to a modification in how the 
adjacent carbon atom interact with the dopant (Groves et al. 
2012). This presumably has a limit since it is not likely that 
lithium or fluorine is stable as dopants in graphene.

The second implication centers around how multiple dop-
ing can enhance the interaction energy. Nitrogen and oxygen 
dopants do not directly participate in the platinum–surface 
interaction. They instead cause the adjacent carbon atom to 
become a more favorable binding site. As a result, multiple 
dopants can further enhance the adjacent carbon since the dop-
ants localize the binding site next to them. This was seen in the 
multiple nitrogen doped case. Boron and beryllium localize the 
binding site between themselves and the adjacent carbon atom. 
This means that multiple doping from these elements do not 
lead to as large of an increase in binding energy. Specifically 
in boron doping, as the numbers of dopants are increased and 
their proximity to the binding carbon decreases there is not as 
large of an increase in the interaction energy as in equivalent 
nitrogen-doped cases. This is due to the binding site not being 
located in one place, but instead over many locations (Groves 
et  al. 2009). The reduction of platinum loading predicates a 
small platinum nanoparticle size. The stronger local sites that 
can be created with elements to the right of carbon might be 
a better fit for more durable catalyst layers than the more dis-
persed sites that the elements to the left of carbon provide.

The second row dopant calculations have also been per-
formed using periodic boundary conditions in order to simu-
late large graphene structures. Binding energies based on 
using the self-consistent field energies were reported and a 
similar trend emerges where the undoped case yields the low-
est interaction energy while the oxygen-doped case is calcu-
lated to be the most stable structure (Groves et al. 2012). A 
complete list of results is shown in Table 20.2. The simulation 
used the 6-31G(d)/SDD basis set combination in Gaussian 09 
(Frisch et al. 2009). In addition, the VSXC functional (Voorhis 
and Scuseria 1998) was used instead of B3LYP since it had 
been shown to be more efficient at simulating accurate results 
in CNTs (Wang et al. 2008).

Other, larger dopants have also been examined. In this 
case, creating a divacancy is recommended in order to better 
trap the dopant (Tsetseris et al. 2014). These dopant types have 
been examined for platinum adsorption as well as CO oxida-
tion, such as single-doped silicon, phosphorus, and sulfur in 
graphene sheet and compared with boron, nitrogen, oxygen 
dopants (Tang et al. 2013; Zhang et al. 2014). A study by Tang 
et  al. used the density functional theory (DFT) Vienna ab 
initio simulation package (VASP) (Kresse and Furthmuller 
1996a,b) to examine a 32 carbon atom structure and verified 
that for single-doped systems where a carbon atom is sub-
stituted by another second row atom, there is an increase in 
binding energy between the graphene surface and a single 
platinum atom. Oxygen doping still provides the strongest 
interaction energy followed by boron, and then nitrogen.

The third row elements, silicon, phosphorus, and sulfur 
also show an increase in binding energy over the nondoped 
case. However, the sulfur-doped structures had a calculated 
platinum–substrate interaction energy that was between nitro-
gen and boron. The strongest interaction is provided by phos-
phorus, followed closely by silicon. Both of these cases had 
a stronger binding energy than even the oxygen doped case. 
These larger dopants cannot sit in the lattice, but instead sit 
above the graphene sheet in the defect. This does not seem to 
affect the formation energy relative to the oxygen doped case.

Calculating the density of states of the silicon, boron, and 
oxygen-doped cases also reveals that tuning of where the 
Dirac point exists is possible in graphene. Given that silicon 
has similar electronic characteristics as carbon, the density 
of states around the Fermi level is zero. For boron doping the 
Fermi level is 0.77 eV below the Dirac point, which indicates 
that the boron is acting as an electron acceptor making the 
graphene a p-type conductor. Conversely, the oxygen-doped 
case causes an upward shift in the Fermi level. The large 
binding energies between platinum and the doped graphene 
surface all come from doped graphene surfaces, which act as 
electron donors allowing the platinum 5d orbitals to form a 
strong bond with it (Tang et al. 2013).

20.4.4  cataLytic efficiency of pt on doped 
Graphene for fueL ceLL appLication

Currently there is a limited body of experimental work exam-
ining the effect of doped graphene as a catalyst support. In 
terms of the ORR, nitrogen doping is by far the most popular 
given its many synthesis pathways. The results indicate that 
nitrogen doping of a graphene support for a platinum cata-
lyst increases its activity and also resists platinum agglom-
eration better than pristine graphene (Jafri et al. 2010; Zhang 
et al. 2010) as indicated by the theoretical studies. In addition 
to platinum, other nonprecious metal combinations such as 
FeCN (Tsai et  al. 2011) and Co3O4 (Liang et  al. 2011) have 
been fabricated with nitrogen-doped graphene also with posi-
tive results. Theoretical studies also predicted that the activity 
of the Pt catalyst toward ORR could be improved significantly 
by using other dopants. With only few experimental exam-
ples of the doped graphene systems, it is expected that novel 
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graphene-doped surfaces may lead to even greater gains in 
activity and durability for fuel cell applications as predicted 
by simulation.

20.4.5  n-doped Graphene as metaL-free 
cataLyst for fueL ceLL appLication

Platinum’s role in the ORR has always been viewed as impor-
tant, however, graphene surfaces with nitrogen doping without 
a metal catalyst have also been shown to effectively catalyze 
this reaction. According to another DFT study, the addition of 
nitrogen to the graphene flake shrinks the highest occupied 
molecular orbital (HOMO)–lowest unoccupied molecular 
orbital (LUMO) gap thereby making a more reactive surface 
(Zhang and Xia 2011). This allows OOH groups, an important 
ORR intermediate, to adsorb onto nitrogen-doped graphene 
surfaces without the presence of any metal catalyst. It was 
determined that the spin densities and atomic charge densities 
of the carbon atoms are indicators to determine whether they 
are catalytically active sites. These active sites were carbon 
atoms that were adjacent to nitrogen dopants and thus were 
directly affected by the substitution.

The method used to substitute nitrogen into the lattice also 
can affect how beneficial it is toward the four electron ORR 
reaction. There are generally four different substitutions: 
pyridinic, pyrrolic, quaternary, and nitrogen oxides involving 
apyridinic configuration. The pyridinic structure is where the 
nitrogen is at the edge of a graphene plane and is bonded to 
two carbon atoms. It donates one p-electron to the aromatic 
π-system. Pyrrolic nitrogen is also bonded to two carbon 
atoms but donates two p-electrons to the aromatic π-system. 
The quaternary configuration refers to nitrogen substituted in 
the center of the lattice for a carbon atom. Finally, the nitro-
gen oxide structure is where the nitrogen is in a pyridinic 
arrangement where it is bound to two carbon atoms with the 
additional constraint that it must also be bound to an oxygen 
atom (Shao et  al. 2010). Identifying which species exist in 
a given sample is straightforward using x-ray photoelectron 
spectroscopy (XPS) (Qu et  al. 2010; Shao et  al. 2010) and 
scanning tunneling microscopy (Wang et  al. 2012) but the 
role of each of these types in promoting the reaction is still 
being explored. A study by Matter, Zhang, and Ozkan as well 
as Maldonado and Stevenson show that pyridinic and pyrrolic 
nitrogen structures are the main factors for the increase in cat-
alytic activity (Maldonado and Stevenson 2005; Matter et al. 
2006) while a separate study (Niwa et al. 2009) showed that 
quaternary nitrogen surfaces are the important ingredients.

Looking more closely at the pyridinic nitrogen case, Luo 
et al. were able to synthesize these types of graphene layers 
varying in nitrogen concentration from 0 to 16 at% (Luo et al. 
2011). They were able to confirm this exclusive type of doping 
using XPS. They found that the nitrogen changed the valence 
structure of the graphene. This included raising the density of 
π states near the Fermi level as well as lower the work func-
tion. However, they also concluded that the pyridinic nitro-
gen doping was not suitable for the two electron ORR. They 
also found that there was a limit to the amount of pyridinic 

nitrogen that could be added to the surface. They conclude 
that at the larger concentrations of nitrogen doping the lone 
pairs of the nitrogen atoms repelled the electronegative oxy-
gen molecules, which were trying to interact with the adja-
cent positively charged carbon atoms. As a result, a balance 
between the attractive carbon–oxygen interaction that pro-
motes the ORR and the repulsive nitrogen–oxygen interaction 
needs to be considered when designing a metal-free nitrogen 
doped graphene catalyst layer.

20.5 CONCLUDING REMARKS

The numerous interesting properties of graphene have only 
just recently begun to be explored. Interestingly, it has already 
been demonstrated that by modifying the lattice by replac-
ing carbon atoms with other dopants, thereby modifying the 
electronic structure of the surface, the surface can be tailored 
to specific applications. For instance, in the context of proton 
exchange membrane fuel cells, nitrogen doping was shown to 
contribute to a more durable catalyst layer. This increase in 
durability can be attributed to the nitrogen atom locally dis-
rupting the delocalized double bond allowing adjacent carbon 
atoms to form sp3 hybridized bonds with the platinum atom. 
Additional nitrogen atoms adjacent to the bonding carbon 
atom intensify this effect. Other second-row dopants can also 
provide a stronger binding energy with platinum. Indeed, an 
oxygen-doped surface, which was calculated to have the stron-
gest binding energy showed that the carbon atom bonded with 
the platinum atom using an sp2-hybridized bond as if it were a 
part of the surface. This is due to the fact that the valence shell 
of the oxygen is already full by bonding with the other two 
adjacent carbon atoms leaving the third with a dangling bond. 
This increased interaction strength creates a more durable 
catalyst layer where the deposited platinum can remain dis-
persed and resist agglomeration. The extension of the active 
lifetime of the cathode will reduce the overall cost of a fuel 
cell unit and will bring it closer to wide-scale commercial-
ization. In addition, the inclusion of dopants on the graphene 
surface is expected to be beneficial to the intrinsic catalytic 
activity of Pt. Understanding the effect of selective doping on 
the graphene electronic structure is therefore crucial for the 
development of novel applications, and quantum-based simu-
lation methods offer valuable insight into small-scale interac-
tions and provide a powerful predictive tool that will help the 
tailoring of graphene surfaces to specific applications.
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21 Scanning Electron Microscopy 
of Graphene

Yoshikazu Homma, Katsuhiro Takahashi, Yuta Momiuchi, 
Junro Takahashi, and Hiroki Kato

ABSTRACT

This chapter focuses on the imaging of graphene by scan-
ning electron microscopy (SEM). Although a monolayer of 
graphene can be observed by SEM, there are different mech-
anisms for image formation of the monolayered material. 
Image formation mechanism is discussed for insulator and 
metal substrates. Applications to in situ SEM observation are 
shown for graphene segregation on a polycrystalline nickel 
substrate.

21.1 INTRODUCTION

The outbreak of the graphene research was triggered by the 
paper that showed monolayer graphene could be obtained by 
repeating mechanical exfoliation of graphite (Novoselow and 
Geim 2004). Another important aspect of the paper is that 
graphene on a SiO2 film of 300 nm thick can be observed with 
an optical microscope and the thickness of graphene layers 
can be identified. It is critically important that monolayer gra-
phene can be seen with an optical microscope, which enables 
one to prepare graphene specimen easily. For in situ observa-
tion of graphene formation process, on the other hand, an opti-
cal microscope is not the best choice. An observation method 
capable at high temperatures or in a gas environment is neces-
sary. Electron microscopy has been utilized for this purpose. 
Table 21.1 summarizes publications on electron microscopy 
of graphene on substrate surfaces. Low energy electron 
microscopy (LEEM) is an excellent method for observing for-
mation of graphene in ultrahigh vacuum. Graphene formation 

processes by thermal decomposition of SiC (Hibino et  al. 
2008, 2010) and segregation from metals (Sutter et al. 2008, 
2009; Loginova et  al. 2009; Wofford et  al. 2010; Odahara 
et al. 2011) have been observed by LEEM. However, because 
several tens kilovolts are applied to the specimen, LEEM can-
not be used for vapor phase deposition in the pressure range 
where vacuum discharge occurs. In addition, because of the 
spherical aberration of the electron optics, the field of view is 
limited to 100 μm or less, which is a disadvantage of LEEM 
when a large area needs to be observed.

We have used scanning electron microscopy (SEM) for the 
observation of monolayer growth and sublimation on Si and 
GaAs surfaces (Homma 2011). SEM is advantageous in the 
wide field of view ranging up to millimeter, and capability 
of gas introduction in the observation chamber. For single-
walled carbon nanotubes (SWCNTs), the formation process 
of suspended SWCNTs between micro-pillars (Homma et al. 
2006) and the extension process of SWCNTs on SiO2 sub-
strates (Takagi et al. 2006; Wako et al. 2007) were observed 
by repeating chemical vapor deposition (CVD) and SEM 
observation alternately in the SEM chamber. For graphene, 
monolayer segregation processes were observed on polycrys-
talline Ni surfaces by SEM (Takahashi et al. 2012). Recently, 
in situ SEM was applied to graphene growth on polycrystal-
line Cu by chemical vapor deposition (Kidambi et al. 2013).

Apart from in situ observation, SEM is now widely used 
for the observation of graphene. Monolayer graphene can 
indeed be observed by SEM (Hiura et al. 2010; Chen et al. 
2011; Kochat et al. 2011; Wood et al. 2011; Yang et al. 2012; 
Zhao et  al. 2013). However, the formation mechanism of 
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secondary electron image of the monolayered material is by 
no means simple, and it is not well understood. In this chap-
ter, the SEM observations of graphene are reviewed, and the 
image formation mechanism is discussed.

21.2  SECONDARY ELECTRON 
CONTRAST OF MONOLAYER

Single monatomic layer can be imaged by SEM. There are 
many factors forming the secondary electron (SE) contrast of 
monolayer, such as topographic contrast of the edge, elemen-
tal composition, work function, and charging, as summarized 
in Table 21.2. The topographic contrast appears even for mon-
atomic-high steps due to secondary electron yield change at 
the step edge and anisotropy of detection efficiency of sec-
ondary electron detector. The behavior of the edge contrast 
in terms of the relationship between electron beam incidence 
and step edge, and that between detector position (or detection 
efficiency depending on the direction of emitted secondary 
electrons) and step direction are all the same for monatomic 
steps and macroscopic steps (Homma et al. 1991, 1993a). The 
difference is only the SE intensity at the steps. Usually, mona-
tomic step contrast is faint.

An example of the SE contrast of monatomic layer caused by 
elemental difference is the contrast between the As-stabilized 
InAs 2 × 4 (001) surface and In-stabilized InAs 4 × 2 (001) 
surface (Yamaguchi et  al. 1995). This contrast depends on 
which element, As or In, comes to the top most layer in alter-
nate layers of As and In. Au and Ag sub-monolayers on Si also 
produce SE contrast (Endo and Ino 1993a,b). In these cases, 
the local work function may also change, but the presence of 
large atomic number elements on the Si surface may contrib-
ute to a large SE yield. Graphene, on the other hand, consists 
of carbon and the SE yield from the carbon monolayer is low. 

As shown later, monolayer graphene does not greatly change 
the SE emission from the substrate underneath it. When gra-
phene layer increases from monolayer to five layers or more, 
the surface becomes gradually darker with an increase in the 
layer number. This contrast change can be explained by the 
change in the work function, which is 3.9 eV for the mono-
layer graphene and 4.6 eV for the graphite surface (Oshima 
and Nagashima 1997).

The SE contrast of graphene on the substrate depends on 
the electrical property of the substrate. On an insulator sur-
face, SE emission is reduced when the surface is positively 
charged, whereas it is enhanced when the surface is negatively 
charged (Joy and Joy 1995). When a monolayer graphene cov-
ers the insulator surfaces, the charging can be compensated 
by conduction through the graphene layer, thus causing a con-
trast change between the graphene-covered surface and the 
bare insulator surface.

Atomic layer contrast also depends on the atomic con-
figuration in the atomic layer, such as 1 × 2 and 2 × 1 recon-
structed structures on the Si(001) surface (Homma et  al. 
1993b). However, even if a clean graphene surface is observed 
using an appropriate SE detection condition, the different 
domains of three hold symmetry graphene might not be eas-
ily observable as SE images.

21.3  GRAPHENE IMAGING BY SCANNING 
ELECTRON MICROSCOPY

21.3.1 insuLator surface

On an insulator such as SiO2, the charging of the surface 
strongly influences the SE contrast.

Hiura et al. reported detailed SE contrast change depend-
ing on the graphene thickness and the primary electron 
energy using mechanically exfoliated few-layer graphene on 

TABLE 21.2
Origin of Secondary Electron Contrast of Monolayers

Origin of 
Contrast Example Reference

Relationship 
with Graphene 

Imaging

Topographic 
effect of edge

Atomic steps Homma 
(1991, 1993a, 
1996)

Monolayer 
graphene on 
metal

Atomic 
configuration

Si(001)2 × 1 & 1 × 2 Homma 
(1993b)

Elemental 
composition

InAs(001)4 × 2 & 
2 × 4

Yamaguchi 
(1995)

Oxidation of 
non-graphene 
covered surface

Work function Au, Ag 
submonolayers on Si

Endo 
(1993a,b)

Multilayer 
graphene

Si(111)7 × 7 & 1 × 1 Homma 
(1993b)

Charging Carbon nanotube on 
insulator

Homma 
(2004)

Graphene on 
insulator

TABLE 21.1
Electron Microscopy Imaging of Graphene

Method Substrate Reference

LEEM SiC(0001) Hibino (2008, 2010)

Ru(0001) Sutter (2008)

Pt(111) Sutter (2009)

Ir(111) Loginova (2009)

Cu foil Wofford (2010)

Ni(111) Odahara (2011)

SEM SiO2 Hiura (2010)

Kochat (2011)

Cu foil Chen (2011)

Wood (2011)

Yang (2012)

Zhao (2013)

In situ SEM Ni foil Takahashi (2012)

Cu foil Kidambi (2013)

Cu foil Wang, H. et al. (2015)

Cu foil Wang, Z-J. et al. (2015)
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a 300 nm-thick SiO2 on Si (Hiura et al. 2010). For such a thin 
insulator film, the surface charging state depends on the pri-
mary electron energy, that is, the penetration depth of primary 
electrons. Because the threshold electron energy for pen-
etrating through the 300 nm-thick SiO2 film is around 3 keV, 
the SE contrast of graphene changes largely between lower 
and higher energies than 3 keV. Below 3 keV (Figure 21.1a 
through e), since the surface of SiO2 is positively charged due 
to SE emission, further SE emission from SiO2 is suppressed, 
while the area covered with graphene and its periphery emit 
SEs owing to the electron supply through the graphene. This 
is the same mechanism of SWCNT imaging on an insulator 
surface (Homma et al. 2004). Monolayer graphene itself does 
not affect greatly the SE emission from underneath SiO2. 
Thus, the contrast change reflects the charging state of the 
monolayer-graphene covered surface and the bare SiO2 sur-
face. On the other hand, primary electrons of 3 keV or higher 
can penetrate through 300 nm-thick SiO2 film. Due to the 
electron–hole pair generation in the primary electron range, 
SiO2 has some conductivity and electrons are supplied to SiO2 

from the Si substrate (Homma et al. 2004). The surface charg-
ing is, thus, diminished and SE emission recovers. As a result, 
monolayer-graphene-covered regions no more appear brighter 
than the bare SiO2 surface (Figure 21.1f through h). Even the 
monolayer-graphene covered region appears slightly darker 
than the bare SiO2 surface. This means that monolayer gra-
phene is not completely transparent to the SEs emitted from 
underneath region. For graphene layers of three or thicker, the 
SE intensity decreases with an increase in the thickness.

21.3.2 metaL surface

On metal surfaces, charging contrast is usually absent. On 
a polycrystalline surface, crystal orientation of each grain 
causes SE contrast due to electron channeling or work function 
difference, which makes recognition of few-layer graphene 
difficult. Figure 21.2a shows an SE image of few-layer gra-
phene on a polycrystalline Ni surface. The graphene layer was 
segregated during the cooling process in the SEM chamber 
and observed without exposing to air (Takahashi et al. 2012). 

(a) (b) (c)

(d) (e) (f )

(g) (h) (i)

10 μm
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10L5L
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FIGURE 21.1 SE contrast of few-layer graphene on SiO2 (300 nm) depending on the primary electron energy. Primary electron energy: 
(a) 0.5, (b) 0.8, (c) 1.0, (d) 1.4, (e) 2.0, (f) 3.0, (g) 5.0, (h) 20.0 keV. An optical microscope image is shown in (i). The numbers with L denote 
the number of graphene layers. (Reprinted with permission from The Japan Society of Applied Physics, Hiura, H., H. Miyazaki, and K. 
Tsukagoshi. 2010. Appl. Phys. Exp. 3: 095101.)
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The thickness of the graphene layer increases from left to right 
of the image. The SE intensity decreases with an increase in 
the number of graphene layers. Monolayer graphene is located 
at the left half, but the grain contrast of the Ni surface makes 
it difficult to distinguish the monolayer-graphene covered 
surface from the bare Ni surface. Figure 21.2b shows the 
SE image of the same surface after exposure to air. Brighter 
regions appear after air exposure. These are non-graphene 
covered regions oxidized in air, where the SE yield increases. 
The area covered with graphene remains unoxidized (Chen 
et  al. 2011), and now the difference between graphene-cov-
ered and bare Ni surfaces is clear.

Similar oxidation contrasts could be obtained on other 
metal surfaces such as Co, Cu, and Pd. SE images of mono-
layer graphene can be found in some papers (see Table 
21.1). Those are owing to the contrast difference between 
graphene-covered (unoxidized) and bare metal surfaces oxi-
dized in air.

21.3.3 Graphene thickness dependence

The SE intensity from few-layer graphene is dependent not 
only on the layer thickness (or the change in the work func-
tion), but also on the range of primary electrons and SEs emit-
ted from the underneath material. In Figures 21.1 and 21.2, 

the regions with three graphene layers or more appear dark. 
The SE yield reaches to that of graphite as the layer thickness 
increases. To distinguish the thickness of few-layer graphene, 
the primary electron energy of 1.5–2 keV is appropriate. The 
images in Figure 21.2 were observed with the 1.45 keV pri-
mary electron beam and an in-lens detector. When using pri-
mary electron energy of 1 keV or less, it is difficult to resolve 
the difference in five layers or more (Figure 21.1a through c). 
On the other hand, with the electron energy of 5 keV or larger, 
the difference of SE intensity with the layer numbers becomes 
small (Figure 21.1g and h). For an insulating film, the SE 
contrast of few-layer graphene is also dependent on the rela-
tionship between the thickness of insulator and the primary 
electron range as shown in Figure 21.1.

21.4  in SitU OBSERVATION OF 
GRAPHENE SEGREGATION

21.4.1 monoLayer Graphene

When carbon doped Ni is slowly cooled from 900°C, carbon 
atoms precipitate to the surface of Ni and form monolayer 
graphene (Shelton et  al. 1974). The segregation process of 
graphene can be observed by SEM. Figure 21.3 shows mono-
layer graphene segregation process from a polycrystalline Ni 
surface at around 800°C. The Ni specimen 0.5 mm × 30 mm 
and 0.5 mm thick was heated by passing direct current 
through it. Above 400°C, the edge contrast of monolayer 
graphene becomes prominent, thus, monolayer graphene 
can be distinguished from Ni grains in SE images. Figure 
21.3a is the Ni surface before graphene segregation, and 
only Ni grain contrast is seen. Starting from Figure 21.3b, 
graphene nucleated and extended to cover the Ni surface. 
Monolayer graphene appears as if it had steric edges due to 
the topographic contrast. There are two types of edge con-
trast: dark contrast for edges facing toward top and right of 
the SE image; bright contrast for edges facing toward bottom 
and left of the SE image. The edge contrasts are the same as 
those for macroscopic steps, and influenced by the relation-
ship between electron beam incidence and step edge, and/
or detection efficiency depending on the direction of emit-
ted secondary electrons as schematically shown in Figure 
21.4 (Homma et al. 1991, 1993a). In the case of Figure 21.3, 
because normal incidence of the primary electron beam 
and an in-lens type SE detector that corrects SEs through 
the objective lens were used, the bright and dark contrasts 
are due to anisotropy of detection efficiency depending on 
the direction of emitted secondary electrons (Figure 21.4b). 
Note that the SE images in Figure 21.3 are obtained at low 
magnification, and the full width of the image corresponds 
to 0.47 mm. Even though such a wide area is imaged, the 
monolayer edge contrast is extremely clear. Although mona-
tomic steps of GaAs and Si have been imaged by SEM, much 
higher magnifications are necessary for direct imaging using 
the edge contrast (Homma et al. 1991, 1996). For monolayer 
graphene, the strength of edge contrast depends on tempera-
ture. For Ni, the edge contrast becomes prominent at around 

(a)

(b)

100 μm

FIGURE 21.2 SEM images of few-layer graphene grown on poly-
crystalline Ni observed (a) without exposure to air and (b) after 
exposure to air. The number of graphene layers increases from left 
to right. (Reprinted from Surf. Sci. 606, Takahashi, K. et al. In situ 
scanning electron microscopy of graphene growth on polycrystal-
line Ni substrate, 728–32, Copyright 2012, with permission from 
Elsevier.)
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400°C and higher. It is surprising that the edge contrast is 
clear even on the unpolished polycrystalline surface where 
the surface roughness is much larger than the monolayer 
height. Similar edge contrast was observed for Co, Pd, and 
Pt, and the optimum temperature range for obtaining edge 
contrast somewhat depends on the metal species. On the 
other hand, edge contrast was not prominent or missing on 
the Cu surface (Wang 2015). The origin of the prominent 
edge contrast and its temperature dependence is still under 
investigation.

21.4.2 muLtiLayered Graphene

Figure 21.5 shows the successive graphene layer segregation 
after the monolayer graphene segregation shown in Figure 
21.3 at the same temperature. Due to the temperature gradient 
in the specimen, the right side of the SE image was at lower 
temperature. The second layer is formed at the regions indi-
cated by arrows in Figure 21.5a and b. Note that the edge con-
trast does not appear for the second layer, because the second 
layer precipitates underneath the first layer. The second layer 

100 μm

(a)

(c)

(b)

(d)

FIGURE 21.3 In situ observation of monolayer-graphene segregation process. (a) Ni surface before graphene segregation. (b) Just after 
graphene nucleation. (c) 3 min after graphene nucleation. (d) 7 min after graphene nucleation. A Ni foil commercially available was used 
without further polishing.
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FIGURE 21.4 Schematic illustration of edge contrast. (a) Effect of primary electron (PE) incidence: the edge in the forward scattering 
direction appears bright, while that in the back scattering direction appears dark. (b) Effect of anisotropy of detection efficiency: the edge 
located in the direction of higher SE detection efficiency appears bright.
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appears slightly darker. The third layer that is further darker 
appears at the right edge of Figure 21.5c. The darker regions 
expand and the right end of the SE image becomes much 
darker indicating the increase in the layer number in Figure 
21.5d. The right half of the surface is covered with three layers 
or thicker graphene layers. Interestingly, after the first layer, 
no further layers are segregated at the region denoted by “A.”

Graphene nucleation preferentially occurs on the (111) and 
(110) Ni grains in the segregation case (Takahashi et al. 2012). 
By decreasing the specimen temperature, graphene expands 
to other grains, but second and later layers also segregate 
underneath.

21.5 SUMMARY

Monolayer graphene can be imaged by SEM, although it is 
almost transparent to the secondary electrons generated in 
the underneath material. There are several image formation 
mechanisms. On an insulator surface, charging state difference 
causes the SE contrast; darker on the positively charged insula-
tor surface and brighter on the monolayer-graphene covered 

surface. On an air-exposed metal surface, oxidized and non-
oxidized surfaces are responsible for the SE contrast; generally 
brighter on the oxidized metal surface and darker on the mono-
layer-graphene covered (non-oxidized) surface. At elevated 
temperatures, graphene edges exhibit prominent topographic 
contrast: either brighter or darker contrast depending on the 
relationship between the edge direction and the anisotropy in 
SE detection efficiency. For thicker layers of graphene, the SE 
intensity decreases with an increase in the number of layers. 
Optimum electron energies exist for discriminating the number 
of layers regarding the layer resolution and the layer depth. 
With a primary electron energy of 1.5–2 keV, SE images are 
sensitive to the number of layers in few-layer graphene.
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22 Tunneling Current of the Contact of 
the Curved Graphene Nanoribbon 
with Metal and Quantum Dots

Mikhail B. Belonenko, Natalia N. Konobeeva, 
Alexander V. Zhukov, and Roland Bouffanais

ABSTRACT

In this chapter, we present the overview of our recent studies 
on the electron spectrum and the density of states of long-
wave electrons in curved graphene nanoribbons, based on the 
Dirac equation in a curved space–time. The current–voltage 
characteristics for the contact of nanoribbon–quantum dots 
and nanoribbon–metal have been revealed. The dependence 
of the specimen properties on its geometry was analyzed. 
Also the regions with negative differential conductivity were 
found.

22.1 INTRODUCTION

Few decades ago, it has been well realized that the gauge 
invariance plays a key role in the quantum field theory (QFT) 
description of fundamental interactions between elementary 
particles. The recent comprehensive review by Vozmediano 
et  al. [1] presents a detailed picture of the relation between 
QFT and the condensed matter physics of graphene. In this 
chapter, we only briefly overview certain key points before 
going directly to the matter of our study.

The mathematical concept of a non-Abelian gauge field 
introduced first in QFT for a description of the electroweak 
interaction, followed by the experimental discovery of the W 
and Z bosons, is an example of the most impressive achieve-
ments of theoretical physics. Before introducing the various 
gauge fields associated with the physics of graphene and in 
order to clarify their specific nature, we will make a brief 

description of the classical concept of gauge invariance and of 
the associated gauge fields [1].

The concept of gauge invariance has been naturally intro-
duced in classical electrodynamics. In particular, the electro-
magnetic field (E, B) is expressed in terms of the potentials 
(Φ, A) through

 E t= − ∇ + ∂ = ∇ ×( ), .Φ A B A  (22.1)

The fields do not change under the transformation

 A A→ + ∇ → − ∂χ χ, ,Φ Φ t  (22.2)

where χ is an arbitrary scalar function of coordinate. This 
invariance was shown to remain applicable to the quantum 
mechanics of a charged spinless particle in an electromag-
netic field provided that the wave function was simultaneously 
transformed as

 Ψ Ψ→ exp i( ).e χ  (22.3)

The relativistic wave equation for a spinless particle with 
charge e interacting with electromagnetic fields is derived 
by first performing the substitution pμ → pμ − eAμ, where 
Aμ = (A0 = Φ, A) is the 4-vector electromagnetic potential, and 
then performing the usual substitution pμ → iħ∂μ. A formal 
solution for the wave function of a particle interacting with 
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the electromagnetic potential Aμ can be written in terms of the 
solution without interaction

 
ψ ψµ

µ= −



∫exp .i 0e A dx

 
(22.4)

Quantum dynamics, that is, the form of the quantum equa-
tion, remains unchanged by the transformations (22.2) if the 
wave function of the particle is multiplied by a local (space–
time-dependent) phase.

The first example of a QFT gauge model is four-dimen-
sional quantum electrodynamics (QED). A free spin 1/2 Dirac 
fermion with charge e and mass m is described by the action 
integral

 
S d x mψ

µ
µψ γ ψ= ∂ +∫ 4 [ ] ,

 
(22.5)

which is invariant under the global U(1) group of transformations:

ψ ψ ψ ψ χ( ) ( ), ( ) ( ), exp(i ),*x U x x U x U e→ → =  (22.6)

where χ is a constant. Gauge invariance requires invariance of 
the action under the local group of transformations obtained 
by replacing χ → χ(x). This can be achieved by replacing the 
derivative in (22.5) by the covariant derivative Dμ = ∂μ + ieAμ. 
Under a local U(1) transformation defined by Equation 22.6 
with a space–time dependent function χ(x), Aμ(x) transforms 
as Aμ → Aμ − ∂μχ, a generalization of Equation 22.2.

The invariance of Maxwell’s equations allows a formula-
tion of classical electromagnetism in terms of 4-vectors and 
tensors. The equations can be written in a covariant way by 
introducing the electromagnetic tensor Fμν as follows:

 
F E F Bi i ij ijk k0 = = −, ,ε

 (22.7)

and the 4-current Jμ = (ρ,J) made of charge density and cur-
rent. In terms of these geometric objects, the four Maxwell 
equations reduce to

 
∂ + ∂ + ∂ =λ µν µ νλ ν λµF F F 0,

 (22.8)

 
∂ =µ µν νF J .

 (22.9)

The conservation of the current ∂νJν = 0 follows from the 
antisymmetry of Fμν. The first equation is a Bianchi identity. 
It can be integrated by introducing a gauge field Aμ, such that 
Fμν = ∂μAν − ∂νAμ. It is readily verified that two gauge fields 
related by the gauge transformation A0μ = Aμ − ∂μΩ give rise 
to the same electromagnetic tensor field. Maxwell’s equations 
can be derived from the action

 
S A J d x F F J A( , ) [ ],= +∫ 4

µν
µν

µ
µ

 
(22.10)

which coincides with the full action in quantum electrody-
namics.

The concepts of gauge fields and covariant derivatives 
can be interpreted in the terms of differential geometry. In 
general, the gauge field has a mathematical interpretation as 
a Lie connection and is used to construct covariant deriva-
tives acting on fields, whose form depends on the representa-
tion of the group under which the field transforms. The field 
tensor Fμν is a curvature 2-form given by the commutator of 
two covariant derivatives. It is an element of the Lie algebra 
associated with the gauge group. The gauge connection gen-
erates parallel transport of the geometric objects under gauge 
transformations. The generalization of U(1) to non-Abelian 
groups such as SU(N) is straightforward: the main modifica-
tion arises in the definition of the field strength (22.6) that 
becomes Fμν = ∂μAν − ∂νAμ + [Aμ, Aν].

General relativity can be also interpreted as a gauge theory, 
where gauge invariance is invariance under diffeomorphisms 
(local smooth changes of coordinates) in the space–time 
manifold. The connection, which generates parallel trans-
port, plays the role of the gauge field. Gauge invariance corre-
sponds to the independence of field equations from the choice 
of the local frame. The spin connection plays the role of the 
gauge field.

The gauge invariance allows fixing some conditions on the 
gauge potentials that will not affect the physical properties. 
In classical electromagnetism, the gauge-fixing problem is 
simply the problem of choosing a representative in the class 
of equivalent potentials, convenient for practical calculations 
or most suited to the physical nature of a particular problem 
under consideration. In non-relativistic problems, one of the 
most popular choices is the Coulomb gauge, ∇A(t, x) = 0, 
whose relativistic counterpart is ∂μAμ(t, x) = 0 (μ = {0,1,2,3)}), 
called Landau or Lorentz’s gauge. The freedom of a gauge 
condition choice is related to the full gauge invariance of the 
action. When fictitious gauge fields are generated by analogy 
with the gauge formalism but there is no dynamics associated 
to them it can happen that the gauge potentials are fixed by 
the physics involved and no extra conditions can be imposed. 
Gauge fields were introduced in condensed matter in the early 
works of References 2 and 3, but now this question is very 
popular among many researchers [4–7].

The problem of modified graphene properties has attracted 
a considerable attention (see References 8–12 for instance) 
because “pure” graphene has no energy gap in the band 
structure, and, therefore, the creation of different structures 
(for example, analogs of transistors) is extremely difficult. 
However, the situation becomes more promising when vari-
ous modifications of the specimen are introduced. As an 
example, we consider the modified graphene, for example, 
graphene nanoribbon, which has quantized electron energy 
spectrum due to the limited space in one dimension, which in 
turn can lead to the formation of an energy gap. Furthermore, 
it is well known that graphene has a naturally wave-like 
curved surface due to the instability of the planar structure of 
its sheets [13,14]. All of the above reasons have stimulated the 
study of different modifications of curved graphene [15,16]. 
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The long-wave approximation—widely used to describe the 
properties of electrons in graphene—leads to an analog of the 
Dirac equation, which in turn makes it easy to produce gen-
eralization to the case when the graphene surface is curved. 
Note that, in this case, the degeneracy in the Dirac points 
disappears and, therefore, it becomes possible to create vari-
ous structures with different band gaps. Consideration of the 
Dirac equation for curved graphene [15] also shows a change 
in the density of states of electrons, and, therefore, it makes it 
possible to change the whole set of electrical characteristics of 
a graphene sample. Apparently, the easiest way to experimen-
tally verify those changes in the density of states is to study 
the tunneling current [17], for example, through the contact 
with quantum dots. Reducing the size of the particles leads 
to the manifestation of a very unusual properties of the mate-
rial from which it is made. The reason for this are quantum-
mechanical effects originated from the spatial limitation of 
charge carriers movements: carriers’ energy becomes discrete 
in this case. The number of energy levels depends on the size 
of the potential well, the potential barrier height, and the mass 
of the charge carrier. An increase in the well size leads to an 
increase in the number of energy levels. Movement of charge 
carriers can be restricted in one coordinate (forming quantum 
films), in two coordinates (quantum wires or strands), or in 
all three areas (quantum dots). Quantum dots are still a rather 
“young” object of study, but their use in various fields of sci-
ence and technology is obviously extremely promising (from 
the design of new lasers and the generation of new displays to 
building qubits) [18–21].

22.2 GRAPHENE AND ITS HAMILTONIANS

From the chemical point of view, the main element of any 
graphite compound is a sheet of graphene, which can be 
regarded as benzene hexagons whose hydrogen atoms are 
replaced by carbon atoms in the adjacent cells, hexes. The 
carbon atoms in graphene form a honeycomb-like structure 
according to the sp2 hybridization. This structure cannot be 
regarded as a Bravais lattice, since two adjacent cells are not 
equivalent from the crystallographic point of view.

Let us consider the structure of graphene with two sub-
lattices A and B (Figure 22.1), where a1 and a2 are the basis 

vectors; δ1, δ2, and δ3 are the vectors connecting a site of the 
sublattice A with the nearest neighbor sites of the sublattice B.

This study is required to identify the characteristics of the 
electronic structure of graphene, the presence of a gap, that 
will properly take into account the initial conditions of the 
problem.

Construction of a microscopic model describing the 
interaction of electrons in graphene has been done within a 
framework of the Hückel approximation. The Hamiltonian 
of the electron system was considered in the framework of 
the Hubbard model for a single-layer graphene. The model 
takes into account the Coulomb interaction between elec-
trons, which leads to a substantial change in dispersion, and 
hence in the optical response of the system. Moreover, the 
account of the electron interaction Hamiltonian leads to 
a change in the spectrum of elementary excitations of the 
model:

 
E p

p U
p p U n U( )

( )
( ) ( ) ( ) ,= + − − +ε ε ε

2 2
1
2

2 1 22
0

2∓

 (22.11)

where U is the Coulomb repulsion between electrons trapped 
at a single site; ε( )p  is the dispersion, which describes the 
interaction of electrons and phonons in graphene without the 
Coulomb repulsion, and n0 is the average number of the on-
site electrons.

Account for impurities in the case of doped graphene was 
carried out in the framework of the Anderson model, where 
only the hybridization of electronic subsystems is considered. 
The latter allowed us to avoid the complexities associated with 
the lack of a gap in the graphene. The resulting Hamiltonian 
reads
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(22.12)

where a a b bj j j jσ σ σ σ
+ +, , ,  are the creation and annihilation oper-

ators of electrons with spin σ on two mutually dual carbon 
sublattices, so that the electrons jump only between the sub-
lattices; tΔ is the hopping integral between neighboring sites 
in the sublattices; U is the constant of the Coulomb repulsion 
of electrons trapped at a single site; d dj jσ σ

+ ,  are the creation 
and annihilation operators of the impurity electrons with spin 
σ; �ε  is the impurity level energy; U1 is the constant of the 

a2
a1

a = 0.142 nm

Y

X

: Sublattice B: Sublattice A

δ2

δ3

δ1

FIGURE 22.1 Crystal lattice of graphene.
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Coulomb repulsion of the impurity electrons; V is the overlap 
integral between the wave functions of the impurity electrons 
and the π-electrons of carbon, forming the bands. Estimations 
based on the semi-empirical quantum-chemical method 
MNDO have shown that typical values for these parameters 
are tΔ ≈ 2 eV, U ≈ 12 eV, U ≈ 12 eV, and V ≈ 2 eV.

Since the properties of the model described by the 
Anderson Hamiltonian is quite complicated, we assume that 
U → ∞, and that all the average values are spatially homo-
geneous. It should be noted that the approximation U → ∞ 
is consistent with the quantum-mechanical calculations for 
graphene-like structures. The spectrum of elementary excita-
tions can be represented by

 

E p

p n p n n Vim

σ

σ σ
σε ε ε ε

( )

( ) ( ( ) ) ( ) ,

=

+ − + − + − + −





1
2

4 12 2| |
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where V is the hybridization parameter, ε(p) is the electron 
spectrum for graphene, determined from the diagonalized 
Hamiltonian Hh, nσ, and nim

σ  are the parameters determined 
by the problem stability conditions.

Let us consider the calculation of the energy eigenvalues 
for electrons in the crystal lattice of graphene with adsorbed 
atomic hydrogen [22], which is regarded as an impurity. Such 
a choice of impurity is motivated by the fact that, in this 
case, the Coulomb interaction energy of the electrons in the 
adsorbed atom is zero, as there is only one electron in atomic 
hydrogen. The hybridization potential Vκa in the Anderson 
Hamiltonian can be estimated from a quantum-chemical 
approach, as it is defined by the overlap integral of the wave 
functions of the s-orbital (the hydrogen atom), and pz-orbitals 
(carbon atoms in graphene):

 
V SH C HC= +1
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where SHC is the overlap integral of the wave functions, βH 
and βC are the parameters derived from the semi-empirical 
quantum-chemical method MNDO [23], βH = −6.99 eV, 
βC = −7.93 eV, a0 is the Bohr radius, and z is the atomic charge.

An estimate of the hybridization potential gives a value of 
Vκa = −1.43 eV. The energy value is negative, therefore a stable 

state is formed, which is important for practical applications. 
To estimate the energy of adsorbed atoms εa, the method of 
images is used, based on the fact that the surface of the con-
ductor is equipotential [24]. As a result, we obtain

 
�ε

πεa I
e

l
= + 1

4 40

2

,

where I = −13.6 eV is the ionization potential of a hydrogen, e 
is the elementary charge, ε0 is the dielectric constant, l = 1.2 Å 
is the distance from the center of the adatom to the plane of 
its image on the substrate, which is of the order of the atomic 
radius of the adatom (the length of the adsorption bond). To 
describe the spectrum of elementary excitations of graphene, 
we use the classical mathematical technique of Green’s func-
tions. The expression of Green’s function for the lattice with 
adsorbed atomic defect can be written as follows:
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(22.15)

where ckσ, ckσ
+  are the creation and annihilation Fermi opera-

tors, and ω is the energy variable.
The analytical expression for Green’s function of the crys-

tal lattice of graphene (22.15) allows us to determine the 
eigenvalues of the electron energy in the crystal, caused by 
the adsorption of atomic hydrogen. The eigenvalues of the 
electron energy of the crystal lattice with attached atomic 
defects are given by the poles of Green’s function:
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(22.16)

where εk is the band structure of the “pure” graphene.
In the case of double-layer graphene, the system has 

been considered in the framework of tight-binding model 
for π-electrons using a nearest-neighbor approximation with 
intraplane and interplane hopping integrals t0, while the elec-
trostatic potential U was applied between the two layers of 
graphene. The band structure of bilayer graphene, obtained 
from this tight binding approximation, gives us the following 
dispersion relation:
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22.3 MATHEMATICAL RULES

In this work, the transition to curvilinear coordinates has 
been used. Therefore, it is necessary to do a little mathemati-
cal retreat, which will contribute to the understanding of the 
calculations made in the following paragraphs.
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We consider the transition from a coordinate system x0, x1, 
x2, x3 to another one x x x x′ ′ ′ ′0 1 2 3, , ,  by means of the following 
transformation [25]:

 x f x x x xi i= ′ ′ ′ ′( , , , ),0 1 2 3

 (22.18)

where f i are some smooth functions. When the coordinates 
are transformed according to Equation 22.18, their differen-
tials transforms read [25]

 
dx

x

x
dxi

i

k
k= ∂

∂ ′
′ .

 
(22.19)

It should be noted that here and below, a repeated index 
implies summation over that index. A contravariant 4-vector 
is any set of four variables Ai, which are defined through their 
differentials at the curvilinear transition
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Derivatives of some scalar after the coordinate conversion 
are calculated as follows:
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A covariant 4-vector is any set of four variables Ai, which 
are converted as derivatives of a scalar using the coordinate 
transform:

 
A

x

x
Ai

k

i k= ∂ ′
∂

′.
 

(22.22)

Similarly, the 4-tensors of various ranks are defined. Thus, 
the contravariant 4-tensor of the second rank Aik is the set of 
16 variables that transform as the multiplication of two contra-
variant vectors, that is, according to the following law:
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A covariant tensor of the second rank Aik is converted by 
the law:
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and the mixed 4-tensor Ak
i  by the formula:
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These definitions are natural extensions of the defini-
tions of 4-vectors and 4-tensors for the Galilean coordinates, 
according to which the differentials dxi are also contravariant 
vectors, and the derivatives ∂ф/∂xi are the covariant 4-vectors.

The construction rules of 4-tensors by the multiplication or 
its simplification by other 4-tensors in curvilinear coordinates 
are the same as for the Galilean coordinates. Definition of 
the unit 4-tensor δk

i  also does not change: its components are 
δk

i = 0 for i ≠ k, and δk
i = 1 for i = k.

The square of the length element in the curvilinear coordi-
nates is a quadratic form of the differentials dxi:

 ds g dx dxik
i k2 = ,  (22.26)

where gik are the coordinate functions; gik are symmetric in 
indices i and k:

 g gik ki= ,  (22.27)

Since the multiplication (simplified) gik on a contravariant 
tensor dxidxk is a scalar, then gik is a covariant tensor, which is 
called the metric tensor. Two tensors Aik and Bik are said to be the 
inverse of each other, if and only if A Bik

kl
i
l= δ . Obviously, the 

only variables which can determine the relationship between 
the one and the other are the components of the metric tensors. 
Such a relationship is given by the following expression

 A = g A A = g Ai ik
k i ik

k, .  (22.28)

In a Galilean coordinates system, this tensor has the 
components:

 

g gik
ik( ) ( ) .0 0

1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

= =
−

−
−



















 

(22.29)

Now, we consider the covariant differentiation. We define 
the transformation formula for differentials dAi. Since a 
covariant vector is calculated by the following formula:

 
A

x

x
Ai

k

i k= ∂ ′
∂

′ ,

we readily obtain

 
dA

x

x
dA A d

x

x

x

x
dA + A

x

x x
dxi

k

i k k

k

l

k

i k k

2 k

i l
l= ∂ ′

∂
′ + ′

∂ ′
∂

= ∂ ′
∂

′ ′
∂ ′
∂ ∂

.

We now undertake the definition of a tensor which in cur-
vilinear coordinates plays the same role as ∂Ai / ∂xk in Galilean 
coordinates. In other words, we must transform ∂Ai/∂xk from 
Galilean to curvilinear coordinates. In curvilinear coordinates, 
in order to obtain a differential of a vector which behaves like 
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a vector, it is necessary that the two vectors to be subtracted 
from each other be located at the same point in space. In other 
words, we must somehow “translate” one of the vectors (which 
are separated infinitesimally from each other) to the point 
where the second is located, after which we determine the dif-
ference of the two vectors which we now refer to as one and the 
same point in space. The operation of translation itself must 
be defined so that in Galilean coordinates the difference shall 
coincide with the ordinary differential dAi. The difference in 
the components of the two vectors after translating one of them 
to the point where the other is located will not coincide with 
their difference before the translation (i.e., with the differential 
dAi) [25]. Therefore, to compare two infinitesimally separated 
vectors we must subject one of them to a parallel translation 
to the point where the second is located. Let us consider an 
arbitrary contravariant vector; if its value at the point xi is Ai, 
then at the neighboring point xi + dxi is equal to Ai + dAi. We 
subject the vector Ai to an infinitesimal parallel displacement 
to the point xi + dxi. We denote the change in the vector which 
results from this by δAi. Then, the difference DAi between the 
two vectors which are now located at the same point is

 DA dA Ai i i= − δ ,  (22.30)

 δA A dxi i
kl

k l= −Γ ,  (22.31)

where Γkl
i  are some functions of coordinates, whose form 

depends on the choice of the coordinate system. In a Galilean 
coordinate system all of Γkl

i  are equal to zero.
From this, it is already clear that the quantities Γkl

i  do not 
form a tensor, since a tensor which is equal to zero in one 
coordinate system is equal to zero in every other one. In a cur-
vilinear space, it is of course impossible to make all Γkl

i  van-
ish over all of space. But we can choose a coordinate system 
for which Γkl

i  become zero over a given infinitesimal region 
(see the end of this section). The quantities Γkl

i  are called 
Christoffel symbols. In addition to the quantities Γkl

i , we shall 
later also use quantities Γi kl, , defined as follows:

 Γ Γi kl im kl
m

, .= g  (22.32)

Conversely,

 Γ Γkl
i im

m klg= , .  (22.33)

It is also easy to relate the changes in the components of 
a covariant vector under a parallel displacement to the 
Christoffel symbols. To do this, we note that under a parallel 
displacement, a scalar is unchanged. In particular, the scalar 
product of two vectors does not change under a parallel dis-
placement. Let Ai and Bi are some covariant and contravariant 
vectors. Then from δ(Ai Bi) = 0, we have

 B A A B B A dxi
i i

i
kl
i k

iδ δ= − = Γ 1.

Hence, in view of the arbitrariness of Bi, we obtain that

 δA A dxi il
k

k
l= Γ ,  (22.34)

which determines the change of the covariant vector.
Substituting (22.31) and dAi = (∂x′k/∂xl)xl in formula (22.32), 

we obtain

 

DA
A

x
A dxi

i

l kl
i k l= ∂

∂
+







Γ .

 
(22.35)

Similarly, we find for the covariant vector

 
DA

A

x
A dxi

i
l il

k
k

l= ∂
∂

−





Γ .
 

(22.36)

Tensors defined by the following formulas (22.35) and 
(22.36) are called covariant derivatives of the vectors Ai and 
Ai. We will denote them by A k

i
;  and Ai;k. Thus,

 DA A dx DA A dxi
l
i

i i l
l= =; ;, ,1

 (22.37)

while the covariant derivatives themselves are

 
A

A

x
Al

i
i

l kl
i k

; ,= ∂
∂

+ Γ
 

(22.38)

 
A

A

x
Ai l

i
l il

k
k; .= ∂

∂
− Γ

 
(22.39)

In a Galilean coordinate system, all coefficients Γkl
i = 0 and 

covariant derivatives are reduced to ordinary differentiation.
It is also easy to calculate the covariant derivative of a 

tensor. To do this, we must determine the change in the ten-
sor under an infinitesimal parallel displacement. For exam-
ple, let us consider any contravariant tensor, expressible as 
a product of two contravariant vectors AiBk. Under parallel 
displacement,

 δ δ δ( ) .A B A B B A A B dx B A dxi k i k k i i
lm
k l m k

lm
i l m= + = − −Γ Γ

By virtue of the linearity of this transformation we must 
also have, for an arbitrary tensor Aik,

 δA A A dxik im
ml
k mk

ml
i l= − +( ) .Γ Γ  (22.40)

Hence, we find covariant derivative of the tensor in the fol-
lowing form:

 
A

A

x
A A;l

ik
ik

l ml
i mk

ml
k im= ∂

∂
+ +Γ Γ .

 
(22.41)
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Quite similarly, we obtain the covariant derivative of the 
mixed tensor Ak

i  and the covariant tensor Aik in the form

 

A
A

x
A A

A
A

x
A A

k;l
i k

i

l kl
m

m
i

ml
i

k
m

ik;l
ik
l il

m
mk kl

m
im

= ∂
∂

− +

= ∂
∂

− −

Γ Γ

Γ Γ ..
 

(22.42)

One can similarly determine the covariant derivative of a 
tensor of arbitrary rank. In doing so, one finds the follow-
ing rule of covariant differentiation: to obtain the covariant 
derivative of the tensor A::: with respect to xl, we add to the 
ordinary derivative ∂A:::/∂xl for each covariant index i(A:i:) a 
term – Γil

k . One can easily verify that the covariant derivative 
of a product is found by the same rule as for ordinary differen-
tiation of products. In doing so, we must consider the covari-
ant derivative of a scalar as an ordinary derivative, that is, as 
the covariant vector фk = ∂ф/∂x, in accordance with the fact 
that for a scalar δф = 0, and therefore Dф = dф. For example, 
the covariant derivative of the product Ai Bk is given by

 ( ) .; ; ;A B A B A Bi k l i l k i k l= +

If in a covariant derivative we raise the index signifying 
the differentiation, we obtain the so-called contravariant 
derivatives:

 A g A A g Ai
k kl

i l
i k kl

l
i;

;
;

;, .= =

Now, we have the formulas for transforming the Christoffel 
symbols from one coordinate system to another. These formu-
las can be obtained by comparing the laws of transformation 
of the two sides of the equations defining the covariant deriva-
tives, and requiring that these laws be the same for both sides. 
It is straightforward to get [25]

 
Γ Γkl

i
np
m

i

m
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x

x

x
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x
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x
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∂ ′
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∂ ′
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+ ∂ ′
∂ ∂

∂
∂ ′

.
 

(22.43)

It can be seen that values Γ kl

i  behave like a tensor only 
under linear transformations of the coordinates (when the 
second term disappears in the expression (22.43)). The rela-
tionship between the Christoffel symbols and the metric ten-
sor, and its first coordinate derivatives can be written in the 
following form [25]:

 
Γµν

α αβ µβ
ν

βν
µ

µν
β=

∂
∂

+
∂
∂

−
∂
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1
2

g
g

x

g

x

g

x
.
 

(22.44)

At this point, we turn back to the main goal of our study. 
The Dirac equation in a carbon nanosystem (CNS), taking into 
account the curvature of the surface, can be obtained as fol-
lows. We introduce a set of orthogonal vectors eα on the mani-
fold, described by the metric tensor gμν, transforming on the 

group SO(2): g e eµν µ
α

ν
β

αβδ= , where eµ
α is the dyadic coefficients 

[26], α,β = 1,2 are the orthonormal indices, and μ,ν = 1,2 are 
the coordinate indices. Dyads can be selected with certain 
gauge freedom, resulting in the emergence of a SO(2)-field ωμ, 
which is a spin connection. It should be subjected to a condi-
tion analogous to the metric tensor without torsion:

 
D e e e eµ ν

α
µ ν

α
µν
λ

λ
α

µ β
α

ν
βω: = ∂ − + =Γ ( ) 0

(elongated derivative of the expression, which has metric and 
spin indices can be formally written in the following form: 
Dμ = ∂μ + Гμ + ωμ), then the spin connection can be defined as

 
( ) .ωµ

αβ
ν
α

µ
βν= e D e

Thus, the Dirac equation, taking into account the curva-
ture of the surface, takes the form:

 
i e ia iW Ek k kγ ψ ψα

α
µ

µ µ µ( ) ,∇ − − =

where a k K Kk
µ , ,= − are the Dirac points, Wμ are the gauge 

fields (defect fields), γα are the SU(2)-matrices (special unitary 
matrices of the second order) 2 × 2, which can be selected as 
γi = −iσi, and ∇μ = ∂μ + Ωμ, where Ωµ µ

αβ
α βω γ γ= ( ) [ , ]1 8/ .

22.4  BASIC EQUATIONS AND 
SPECTRUM OF ELECTRONS

We consider a graphene nanoribbon, which is curved along 
the toroidal and the helical surfaces, as represented in Figure 
22.2. Properties of electrons in graphene nanoribbons in the 
long-wave approximation and in the vicinity of the Dirac 
points will be described on the basis of the Dirac equation 
generalized for the case of a curved space–time [1]:

 
γ µ

µ µ( ) ,∂ − =Ω Ψ 0
 

(22.45)

where ∂μ is the partial derivative with respect to coordinate 
μ, Ωμ is the component of the spin connection, Ψ = (ϕ/φ) is 
the wave function (column vector) consisting of wave func-
tions describing the electrons from different sublattices near 
the Dirac point.

As is well known [1,27], if we are given the metric tensor

 

ds g dx dx

g g

2 =

=

αβ
α α

αβ
βγ

α
γδ ,  

(22.46)

(δα
γ —delta is the Kronecker symbol) then we can define 

the field frames (tetrads):
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a b
ab
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bc

a
c

αβ α β

αβ α β

η

η

η η δ

=

=

= ,  

(22.47)
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where for the two-dimensional curved surfaces, we have 
ηab = diag(1, −1, −1). Then

 

Ω Γ

Γ

µ λ
λσ

µ σ µσ
λ

λ

µσ
λ λν

σν µ νµ σ µσ ν

γ γ= ∂ −

= + −

1
4

1
2

a b
a b be g e e

g g g g
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( , , , ))

.γ γµ µ= ea a  

(22.48)

Using the torus and the helical parameterization
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(22.50)

we find that the metrics on the torus surface and the helicoid 
are given by

 ds dx r dx R r x dx2
0

2 2
1
2

1
2

2
2= − − +( cos ) ,  (22.51)

 ds dx dx h x dx2
0

2
1
2 2

1
2

2
2= − − +( ) .  (22.52)

Note that all the Christoffel symbols are equal to zero, 
except Γ12

2  and Γ22
1 . For the torus, we have Ω0 = 0; Ω1 = 0; 

Ω2 = (1/2)γ1γ2f ′/r ( f = R + r cos x1; f ′ = ∂f/∂x1), while in the 
case of the helicoid Ω0 = 0; Ω1 = 0;
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2
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./

Choosing γ0 = σ3; γ1 = −iσ2; γ2 = −iσ1, where σ are the Pauli 
matrices, we obtain the following system of equations:
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Here, VF is the Fermi velocity for planar graphene, 
∂ = ∂−

0
1VF t. Note that since the metrics (22.51) and (22.52) 

admit two Killing vectors corresponding to the translations 
along x0, x2, the solutions (22.53) and (22.54) can be found in 

the form 
ϕ ϕ
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(22.56)

Note that the wave vector k is found from the boundary con-
ditions at the ends of the nanoribbon. In our particular case, we 
have chosen the armchair-type ribbon [9], and therefore

Qdots Qdots

x x

y

z
(a) (b)

z

y

FIGURE 22.2 Geometry of a problem: (a) toroidal nanoribbon, (b) helical nanoribbon. (Adapted from M.B. Belonenko et al. J. Nanotechnol. 
2011, ID 161849, 2011.)
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(22.57)

where a0 is the distance between the atoms in the carbon lat-
tice, M is the number of atoms along the nanoribbon axis, and 
n is the quantum number. We can consider Equations 22.55 
and 22.56 as Schrödinger equations with perturbation
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In this particular case, the spectrum of perturbation reads

 
E k kn y= ± +2 2 .

 
(22.58)

Expanding the functions in the denominator as a Taylor 
series up to the second order, we calculate the first perturbation 
correction term to the spectrum, V̂Torus and V̂Helicoid, as follows
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The dependence of the perturbations on the atom numbers 
along the nanoribbons M is presented in Figure 22.3.

The dependence shown in Figure 22.3a is rather complex, 
which is associated with the quantization of the electron spec-
trum in graphene nanoribbons in relation with Equation 22.57. 
It should be noted that the dependence of the energy gap in 
carbon nanotubes of zigzag type is pretty similar, which also 
arises from the quantization of the electron spectrum in the 
direction along the circumference of the nanotube. The cal-
culations show (Figure 22.3a) that the value of the helicoids 
parameterization h influences most strongly the correction to 
the energy (as well as its sign). The dependence of the energy 
correction on the ratio r/R is demonstrated in Figure 22.3.

As expected, the dependence shown in Figure 22.4 shows 
that with increasing curvature of the graphene nanoribbon 
(i.e., with increasing ratio r/R), the absolute value of the cor-
rection to the energy of the electrons increases [28].

22.5 TUNNELING CHARACTERISTICS

The Hamiltonian of the system of electrons can be written in 
the following form:

H a a E b b T a b b ap
A

p p q
B

q q pq p q q q

pqqp

= + + ++ + + +∑∑∑Ε ( ),

 
(22.61)
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FIGURE 22.3 Dependence of the correction to the energy V caused by the perturbation 
�
V  on atoms number along nanoribbon axis M: (a) 

for torus (r/R = 0.1, n = 1); (b) for helicod (h = 1.5): (i) n = 1—solid line; (ii) n = 2—dotted line; (iii) n = 3—dashed line. (Adapted from M.B. 
Belonenko et al. J. Nanotechnol. 2011, ID 161849, 2011.)



336 Graphene Science Handbook

where a ap p
+;  are the electron creation and annihilation oper-

ators with momentum p in the carbon nanoribbons; Ep
A is 

the electron spectrum of the carbon nanoribbons (22.58) 
while taking into account Equations 22.59 and 22.60; Tpq 
is the matrix element of the tunneling operator between p 
and q states; b bq q

+;  are the electron creation and annihila-
tion operators with momentum q in a substance which is in 
contact with a carbon nanoribbon; Ep

B is the electron spec-
trum of another substance. It should be noted that p and q 
are multi-indices in formula (22.61). Hence, for graphene 
nanoribbon (further, we consider an arm-chair nanoribbon 
only) p = (py,n), n = 0,1,…,M − 1. Multi-index q is deter-
mined by the substance which is in contact with the carbon 
nanoribbon, and, for example, for quantum dots q = (px, py, 
pz), whereas for graphene q = (px, py). A consideration of the 
external electric field 

�
E  (and choosing 

� �
E c A t= − ∂ ∂( )( ))1/ /  can 

be carried out by the canonical transformation p → p − eA/c.
The tunneling current is considered to be given by
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pq
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(22.62)

With a gauge transformation [29,30], we have
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where V is the applied voltage, and e is the electron charge. 
Formally, it is possible to reduce a problem of calculation of 

the current–voltage characteristics to the calculation of the 
operator response
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on the external influence [29,30]
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The solution was obtained within the framework of the 
Kubo theory:
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(22.63)

where δ(x) is the Dirac delta function, νA(B)(E) is the tunneling 
density of states; nf(E) is the equilibrium number of fermi-
ons with energy E. The approximation of a “rough” contact 
is used thereafter, so that Tpq = T (this imposes certain restric-
tions on the contact geometry, i.e., the case discussed below 
means that nanoribbon should be perpendicular to the contact 
material surface). For definiteness, we choose the dispersion 
law for the graphene nanoribbons given by Equations 22.58 
through 22.60, and the dispersion law for the quantum dots as 
the contact material being

 
E E pq

A = −0 ∆ cos( ),
 

(22.64)

where E0 is the electron energy of a quantum well, Δ is the 
tunneling integral determined by the overlap of electron 
wave functions in the adjacent wells, and the momentum p is 
directed along the axis Z.

Equation 22.63 under study has been solved numerically. 
The current–voltage characteristic of the contact is presented 
in Figure 22.5.

Figure 22.5 shows the asymmetric behavior of current 
versus voltage applied to the contact. This is due to both the 
peculiarities of the electronic structure (density of states) of 
the metal and graphene nanoribbons, and the processes of 
carrier recombination in the transition contact, which dom-
inate over the thermal processes when V > 0. The resulting 
dependence may have important practical applications in the 
study of nanocontacts and the design of tunnel diodes based 
on graphene nanoribbons. Also, the region with negative dif-
ferential resistance was observed for some values of V. The 
presence of such region allows the use of a tunnel diode as a 
high-speed switch.
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FIGURE 22.4 Dependence of the energy correction V, caused by 
the perturbation 

�
V , on the ratio of the radii of curvature r/R (M = 20, 

n = 1). (Reprinted from Sol. State Commun., 151, M.B. Belonenko, 
N.G. et al., 1147, Copyright 2011, with permission from Elsevier.)
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22.6 FRIEDMANN MODEL

Now, we consider graphene nanoribbons in the Friedmann 
model of non-stationary universe [25,31]. Properties of elec-
trons in the graphene nanoribbon in the long-wave approxi-
mation in the vicinity of the Dirac point will be described 
on the basis of the generalized Dirac equation for a curved 
space–time [1] (see Equation 22.45).

For a strained/curved graphene, constantly under the influ-
ence of an external variable mechanical force, the effect of 
this force leads to a periodic change in the distance between 
the atoms of graphene, which, in turn, leads to a change in the 
Fermi velocity, vF. Using the analogy with a curved space–
time, we can say that this force leads to a periodic change 
of spatial intervals, which, as is well known, is adequately 
described in the frame of the Friedmann non-stationary 
model. The metrics in the Friedmann non-stationary model of 
the universe has the form:

 ds dt e dx dyf t2 2 2 2= − +( )( ),  (22.65)

where ef(t) = 1 + a sin (ω0t).
Here, a stands for the relative amplitude of the strain, while 

ω0 is the characteristic frequency of oscillatory deformation. 
There are only four non-zero Christoffel symbols:

 
Γ Γ Γ Γ11

0
22
0

01
1

02
21

2
1
2 2 2

= ′ = ′ = ′ = ′
e f e f

f ff f; ; ; .

Thus

 
Ω Ω Ω0 1

0 1
2

2
0 2

2

0
4 4

= = − ′ = − ′
; ; .

/ /γ γ γ γf e f ef f

Let us choose γ0 = σ3; γ1 = −iσ2; γ2 = −iσ1, where σ are 
the Pauli matrices. Then, we obtain the following system of 
equations:
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(here, we explicitly introduced the Fermi velocity for the flat 
graphene via ∂ = ∂−

0
1VF t). It should be noted that the solution 

of the system (22.66) can be found in the form:
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From the Equation 22.67, it is easy to obtain the following 
equation for the function φ:
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Then the substitution: ϕ ϕ→ ⋅ ∫−
e

gdt
 applied in the set of 

Equation 22.67 yields the non-linear Shrödinger equation 
with the excitation term (second one), known as the Mathieu 
equation:

 ϕ ϕ ϕtt t
ff g g p e+ ′ + − + =−( ) .* | |2 2 0

Let us choose the trial unexcited function in the form: 
φ(t) = φ0eiωt, and besides f = 0. In the non-perturbed case, we 
obtain the spectrum:

 ω2 2= | |p .  (22.68)

Let us calculate the first energy correction, V̂ :
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The integration is done from 0 to L = (3M + т1)a0 and 
results in
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The dependence of the energy correction on the atom num-
bers M is demonstrated in Figure 22.6.

This dependence has a step-like form, which is associated 
with the quantization of the electron spectrum in graphene 
nanoribbons according to Equation 22.69. Note that this is 
similar to the dependence of the energy gap in zigzag-type 
carbon nanotubes [32], which also arises from the quantiza-
tion of the electron spectrum in the direction along the cir-
cumference of the nanotube.

Furthermore, it is worth characterizing the dependence of 
V on the parameters ω0 and n. This dependence is shown in 

Figure 22.7, and it demonstrates that with the increase of the 
characteristic frequency ω0, we observe a periodic change of 
the correction to the energy of the electrons. With increas-
ing quantum number n, we observe a shift to the right and a 
remarkable increase in the amplitude [31].

Also, we constructed the current–voltage characteristics of 
the contact between a curved nanoribbon and a metal. This 
dependence shows the asymmetric behavior of current versus 
voltage applied to the contact, as in the case where we do not 
take into account the Friedmann model.

22.7 CONCLUSION

In this chapter, we first briefly overviewed the formal rela-
tion between the quantum field theory, the general relativity, 
and the condensed matter of graphene-based nanostructures. 
Proceeding to the more practical applications, we summa-
rized our studies on the tunnel characteristics between a 
curved/strained graphene and a metal, considering different 
geometrical configurations of a graphene sheet. As a result, 
we have demonstrated that the above contacts behave simi-
larly to classical diodes, which may have important practi-
cal applications in the study of nanocontacts and the design 
of tunnel diodes based on graphene nanoribbons. Moreover, 
applying the non-stationary Friedmann model leads us to the 
same qualitative conclusion.
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23 Using Few-Layer Graphene Sheets as 
Ultimate Reference of Quantitative 
Transmission Electron Microscopy

Wang-Feng Ding, Bo Zhao, and Fengqi Song

ABSTRACT

Transmission electron microscope (TEM) is an equip-
ment where electrons interact with materials under delicate 
controls. The states of electrons after interactions could be 
measured quantitatively with so much precision that atomic 
resolution can be achieved not only in image taking, but 
also in element analysis. However, to accomplish the latter 
requires an intensity reference with well-defined accuracy for 
signals acquired. In this chapter, we show that the discrete 
layers of few-layer graphene sheets (GSs) enable exact deter-
mination of sheet thickness, making it a promising reference 
for quantitative analysis. Since large-scale GSs could be read-
ily prepared nowadays, they bear the convenience of being 
both the supporting films of TEM samples and the reference 
for the intensity of signals.
With the discovery of graphene, scientists have found numer-
ous applications of graphene attributing to its exceptional geo-
metric and electronic structures (Geim 2009; Neto et al. 2009; 
Rao et al. 2009). In the field of transmission electron micros-
copy (TEM), the first thought occurs to researchers is that 
one- or few-layer GSs serve ideally as the supporting films 
(Booth et  al. 2008) for specimens of interest, as the trivial 
thickness of GSs provides ultra-low background contrast, and 
their ballistic electron transport prevents charge accumula-
tion on TEM specimens. Recent developments of chemical 
vapor deposition (CVD) method allow quick productions of 
macroscopic-sized GSs, which can be directly deposited on 
TEM grids (Dai et al. 2011, 2012). Such grids are commer-
cially available nowadays.

Table 23.1 presents an overview of the literature on GSs 
utilized as the supporting or wrapping films for TEM samples. 

The advantages of GSs as the supporting films are magnified 
when materials composed of light elements, such as biologi-
cal samples, are investigated. The liquid cell developed in the 
past few years greatly enhanced the capability of TEM to view 
dynamic processes at atomic scale. Traditional approaches of 
preparing such a liquid cell specimen involve complicated 
processes and specific instruments. With the large-scale gra-
phene, one saves all the troubles by encapsulating liquid drops 
between two GSs, which are further transferred to TEM grids 
for investigation.

As we know, TEM has added to the knowledge of materi-
als down to the atomistic level, not only by presenting us the 
submicron world with direct visions, but also by quantitative 
analysis of molecules and nanoparticles (Williams and Carter 
2009). As one of the modes available on most TEMs, scanning 
transmission electron microscopy (STEM) complemented 
with high-angle annular dark-field (HAADF) detectors has 
been proved reliable in quantitative imaging, by which the in-
depth analysis of atomic clusters and nanoparticles have been 
achieved (Howie 1979; Isaacson et  al. 1979; Singhal et  al. 
1997). There are two ways using HAADF-STEM to obtain 
accurate mass mapping: absolute and relative measurements. 
The former, as developed by Howie, requires an accurate 
knowledge of the electron scattering cross-section (Ω) as a 
function of the number of atoms, and the number of electrons 
in the focused electron beam. This involves an extensive cali-
bration of the operational parameters of the microscope, and 
requires additional hardware to be fit into the microscope. In 
practice, both the experimental and the theoretical determina-
tion of the absolute cross-section are extremely challenging. 
Hence, this method has been taken up only by a few dedicated 
groups worldwide until now. Nevertheless, all the problems 
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are solved if a known mass standard can be established. In the 
TEM observation of biological samples, molecules and organ-
isms with known weight, such as ferritin and tobacco mosaic 
virus (TMV), have been used as mass standard for quantita-
tive measurements (Sen et al. 2007). The problem for these 
mass standards is not only their poor accuracy but also mass 
loss due to radiation damage or mass gain due to the filling 
of the central cavity. Recently, size-selected Au clusters have 
been used as a mass standard for nanoparticles (Young et al. 
2008; Wang et al. 2010). This has opened another avenue for 
weighing nanoparticles on supports and gaining insight into 
their fine structure and shapes.

In principle, this relative measurement method could be 
extended to all elements. However, it is difficult for light ele-
ments, as the contrast of STEM images reduces substantially 
with the atomic number of elements. As a result, the carbon 
film background intensity contributes a significant source of 
random noise, leading to a poor signal–noise ratio. In this 
context, GS has been proposed as a mass standard, as well 
as a supporting film for TEM specimens. On one hand, the 
thickness of the GS can be measured with considerable accu-
racy by counting its layer number. This makes it an accurate 
mass standard for light elements. On the other hand, GSs are 
facile to prepare or purchase for most labs and can be read-
ily used as the substrates for TEM specimens. In a relative 
mass measurement, all the operational parameters of STEM 
should be kept strictly constant for the reference standard and 
samples. Hence, it is convenient to have the GS as the mass 
standard for carbon clusters and organic molecules which rest 
on the GS surface.

In this chapter, we first introduce a quantitative HAADF-
STEM technique for mass and 3D morphology mapping of 
complex nanoparticles. This technique was initially applied 
to atomic clusters with a few heavy atoms, and later extended 
its application to nanoparticles consisting of thousands of 
atoms. Then, we show that the principle also holds for light 

elements such as carbon. By applying a relationship between 
the HAADF intensity and sample thickness obtained for 
GSs, we successfully mapped the mass distribution of carbon 
nanoparticles of complex structures. Finally, an investigation 
on the elastic electron scattering in GSs is performed, and 
the mean free paths of incident electrons with different ener-
gies are obtained. The collection angle of HAADF detector 
is discussed in terms of simulations based on a multi-slice 
algorithm.

23.1  QUANTITATIVE HIGH-ANGLE ANNULAR 
DARK-FIELD SCANNING TRANSMISSION 
MICROSCOPY IMAGING TECHNIQUE

A TEM is a device utilizing electron interactions with speci-
mens to obtain the inner structure and chemical information of 
the samples. Electrons traveling through the specimen would 
be scattered into all directions by the electrons or nucleus 
of the target, or transmitted uninterrupted. In the scanning 
transmission microscopy (STEM) mode, a convergent beam 
of electrons is focused upon specimens and electrons are col-
lected on the other side of the specimens by a circular/annular 
plate. An annular dark-field detector avoids the direct electron 
beam in the center and collects scattered electrons in a cer-
tain solid angle, while a circular bright-field detector is placed 
right on the axis to receive the direct beam.

In traditional dark-field imaging, namely dark-field trans-
mission electron microscopy (DFTEM), an objective aper-
ture is placed in the diffraction plane so as to only collect 
electrons scattered through that aperture, excluding the main 
beam. An annular dark-field detector, on the other hand, col-
lects electrons from an annulus around the beam, sampling far 
more scattered electrons than can pass through an objective 
aperture. This gives an advantage in terms of signal collection 
efficiency and allows main beam to pass to an electron energy 
loss spectrometry (EELS) detector, allowing both types of the 
measurement to be performed simultaneously. The distance 
between the specimen and the detector is called camera length 
(CL), which is tuned by the focal strength of the objective 
lens rather than moving them physically. By varying the CL, 
you change the collection angle of your detector. A HAADF 
image formed only by very high angle, incoherently scat-
tered electrons—as opposed to Bragg scattered electrons—is 
highly sensitive to variations in the atomic number of atoms in 
the sample (Z-contrast image). Such an imaging technique is 
known as HAADF-STEM (Williams and Carter 2009).

Figure 23.1 shows schematically the configuration of con-
vergent electron beam scattering in HAADF-STEM. With 
the electron beam scanning over a selected area of the speci-
men, a HAADF image is obtained in which the intensity of 
each pixel corresponds to the number of electrons collected at 
the very spot during a constant period. So the spatial resolu-
tion is limited by the size of the focused incident probe. In 
a thin TEM specimen, we can always approximate all scat-
tering within the sample to a single scattering event. Typical 
values of the mean free path of electrons at TEM voltages 
(80–300 kV) are of the order of tens of nanometers, which 

TABLE 23.1
Summary of Graphene Sheets Complemented TEM 
Measurements

Roles of GSs Research Team Performances

Supporting films Tanaka et al. 
(2009)

A single adatom imaged directly 
on free-standing GSs

Pantelic et al. 
(2011)

Oxidative GSs for biological 
TEM supports with trivial 
background noise

Westenfelder 
et al. (2011)

In situ high-resolution TEM 
electrical investigations

Buckhout-White 
et al. (2012)

High-contrast imaging of 
unstained DNA nanostructures 
on suspended GSs

Wrapping films Yuk et al. (2012) High-resolution imaging of 
colloidal nanocrystal growth

Chen et al. 
(2013)

Viewing the 3D motion of 
DNA–Au nanoconjugates
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is also the order of the thickness of most TEM specimens. 
Hence single scattering is a safe assumption, which makes it 
easier to interpret our images and spectroscopic data. As the 
signal from HAADF detector is mainly due to elastic scatter-
ing, and phase-contrast effects are negligible, the intensity of 
the signal is then quantitatively proportional to both the mass 
of the specimen that is contained within a defined volume 
illuminated by the probe, and the atomic number of the atoms 
within the specimen. Moreover, as the mass is computed from 
an image, nanoparticle mass can be directly correlated with 
its shape (Sousa and Leapman 2012).

After Crewe and coworkers in the early 1970s first used 
STEM “Z-contrast” to image single atoms with high atomic 
number (Crewe et  al. 1970), researchers demonstrated that 
this technique is reliable for the mass measurement of atomic 
clusters with a few atoms. They showed that the integrated 
HAADF intensity grows linearly with the increased number 
of atoms in the clusters, which establishes the basis of STEM-
based mass spectrometry (Howie 1979; Isaacson et al. 1979). 
Later, Young and coworkers have extended the applicable 
mass range to the size as far as ~6500 atoms of Au clusters 
(Young et al. 2008). In the following part of this section, we 
describe Young et al.’s work to demonstrate the application of 
the quantitative HAADF-STEM imaging performed on the 
same instrument.

In Figure 23.2a through c, three representative HAADF-
STEM images of clusters with size of 147, 2057, and 6525 
Au atoms are shown, respectively. The clusters were prepared 
in a radio frequency magnetron sputtering and gas aggre-
gation cluster beam source, and were mass-selected with a 
resolution of M/ΔM ≈ 25 before soft-landing on graphite. The 
STEM images were obtained using an FEI Tecnai F20 TEM 
at 200 kV. A Fischione 3000 HAADF detector was used to 
record images at an inner collection angle of 50 mrad and 
outer collection angle of 150 mrad. The incident probe size 
was around 4 Å. Efforts had been made to keep the imaging 

conditions constant, especially the emission current. Au309 
was used as a check between different runs, and the change in 
integrated intensity was found to be smaller than the statisti-
cal errors.

Figure 23.2a through c display intuitively the brightest 
points in the center of clusters, corresponding to the thickest 
volume through which electrons are transmitted. To establish 
the relationship between HAADF intensities and the num-
ber of atoms in the clusters, one has to integrate the HAADF 
intensity over clusters of each size, and make background sub-
traction to eliminate the influence of the graphite substrate. 
Figure 23.2d gives the integrated HAADF intensity as a func-
tion of the number of atoms within the clusters. It can be seen 
that initially the intensity increases linearly with the number 
of atoms, while deviations are observed for large clusters. A 
log–log fit (inset) displays a relationship, I = 68852N0.92315, 
with a fitting residual of R = 0.99733. The large error bars 
of bigger clusters in Figure 23.2d can be attributed not only 
to microscope stability, substrate uniformity, thickness, and 
local structure, but also to strong dynamical scattering in 
large nanoparticles. The deviation from linearity and the large 
error bars of the mass−HAADF intensity relationship together 
would lead to bad accuracy in the mass spectrometry. Hence, 
quantitative intensity analysis has only been performed for N 
up to 6500.

Once the calibration curve in Figure 23.2d has been 
obtained, it can be applied to measure Au nanoparticles 
prepared via different approaches. Figure 23.3a and b are 
STEM images of Au nanoparticles prepared by wet chemis-
try method and by thermally evaporating Au onto TEM grid 
under high vacuum condition, respectively. In the first case, 
colloidal Au nanoparticles purchased from Agar Scientific 
were drop cast onto an amorphous-carbon coated TEM grid. 
In the second case, Au nanoparticles were deposited on the 
same TEM grid by evaporating 99.99% Au in a vacuum of 
10−7 mbar. It can be seen that most of particles are circular 
in 2D projection, except for a few closely spaced clusters that 
seem to be touching. The histograms of size distributions for 
both types of nanoparticles are shown in Figure 23.3c and d.

Besides the above size information we have obtained in 
2D projection, the depth information along the electron beam 
direction is also included in the intensity of HAADF-STEM 
images. By analyzing the intensity distribution within an Au 
nanoparticle, its 3D morphology can be mapped. By apply-
ing the calibration curve in Figure 23.2d, Young et al. found 
that results from the thermally evaporated Au nanoparticles 
are consistent with the hemispherical model, while the results 
from the colloidal Au nanoparticles agree with the spherical 
model, as shown in Figure 23.3e and f.

The above case has demonstrated that the size-selected Au 
clusters provide an excellent mass standard, which allows us to 
obtain a true calibration curve for the particle mass–HAADF 
intensity relationship over a large mass range. However, prac-
tically this is difficult for light elements. Because STEM 
intensity is proportional to Zα, where Z is the atomic number 
of the elements, and α is in the range of 1.5–1.9 depending 
on the collection angle of the detector, specimen thickness 

Incident convergent beam

Specimen

Camera length

HAADF detector

Bragg reflections

Incoherent

Coherent

θ

FIGURE 23.1 Schematic configuration of the electron collection 
by a tunable high-angle annular dark-field (HAADF) detector in the 
scanning transmission electron microscope (STEM).



344 Graphene Science Handbook

and Debye–Waller factor of the atomic species (Krivanek 
et al. 2010). As a result, the light elements would have a much 
weaker STEM image contrast than heavy elements. This 
makes the subtraction of substrate signals difficult, especially 
when atomic-level accuracy is required.

In the following sections, we propose free-standing GSs as 
the mass standard for the quantitative measurements of light 
elements in HAADF-STEM. The GS calibration bears a num-
ber of merits, for example, it does not require complex high 
vacuum equipment for size selection, GSs can replace amor-
phous carbon films on the TEM grids as supporting films for 
straight contrast comparison in STEM images, the discrete 
number of GSs enables an accurate calibration of STEM 
intensity to be performed. As an example of applications, the 
calibrated STEM intensity from GSs is applied to gain insight 
into carbon nanoparticles of complex structures.

23.2  QUANTIFYING GRAPHENE SHEETS UNDER 
TRANSMISSION ELECTRON MICROSCOPY/
SCANNING TRANSMISSION MICROSCOPY

Graphene is a single atomic plane of graphite. It is the thin-
nest known material in the universe and the strongest ever 
measured. Ideally, graphene is a single-layer of carbon atoms, 
but graphene sheets with two or more layers are being inves-
tigated with equal interest. We usually define three differ-
ent types as: single-layer graphene (SG), bilayer graphene 
(BG), and few-layer graphene (FG, number of layers ≤ 10). 
Although graphene is expected to be perfectly flat, ripples are 
induced by thermal fluctuations. For GSs up to micro-sizes, 
they can be easily folded like a broad piece of pleated cloth. 
Figure 23.4 shows an overview of large pieces of GSs sup-
ported by holey Formvar film covered Cu TEM grids. In the 
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I = 68862N0.92315. The residual of the fit R = 0.99733. (Reprinted with permission from Young, N. P. et al. Weighing supported nanoparticles: 
Size-selected clusters as mass standard in nanometrology. Physical Review Letters. 101:246103. Copyright 2008 by the American Physical 
Society.)
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HAADF-STEM image, the step-like changes in the contrast 
of GSs give a direct sight of the GS folding.

To establish direct correlation between the HAADF-
STEM intensity and the number of layers, N, in the GSs, we 
apply an independent layer counting method. In TEM images, 
the image contrast of the folded edge of each graphene layer 
within GS is enhanced, leaving parallel dark lines with con-
stant distance in the folding area. Such dark lines are uti-
lized to count the layers of GSs with considerable accuracy. 
The principle is the same as that for counting the number of 
walls of multi-wall carbon nanotubes in TEM images. The 
validity of this method has been cross-checked using Raman 
spectrum (Ferrari et  al. 2006), nanobeam electron diffrac-
tion (Meyer et  al. 2007) and electron energy loss spectros-
copy (Eberlein et al. 2008). To avoid the effect of substrates, 
only GSs freely suspending over the holes were chosen for 
the quantitative study. Figure 23.5a and b are two typical 
HRTEM images of such folded edges, with 3 and 28 layers, 
respectively. Their HAADF-STEM images taken from the 
corresponding area are shown in Figure 23.5c and d. The 
intensity of the HAADF signals along the dashed lines in the 
STEM images are plotted in Figure 23.5e and f, respectively, 
which clearly show the step-wise intensity variation between 
vacuum and the GSs.

In Figure 23.6a and b, the HAADF intensities are plot-
ted as a function of the GS layer numbers. The monotonic 
relationship is apparent. Here, the HAADF intensity values 
of GSs with certain number of layers were obtained by exam-
ining relatively clean areas (with uniform contrast) over at 
least 100 × 100 pixels. A histogram of the pixel intensity dis-
tribution for each particular layer thickness was also plotted 

to determine the average value. The mean value of the his-
togram and the standard deviation for each individual layer 
thickness are displayed in figures. The error bars here include 
contributions from both contamination and the background 
dark counts.

It is shown in Figure 23.6a, a linear relationship between 
the HAADF-STEM intensity and the GS thickness up to nine 
layers through the origin. This result suggests that the plural 
scattering is negligible in this ultra-thin film region. This sim-
plifies the subsequent data analysis procedures since simple 
kinematical scattering models are applicable. Nevertheless, to 
see how far the single scattering model can be extended to, 
much thick GSs were also searched purposely, as shown in 
Figure 23.6b. The linearity persists up to a large number of 
layers at around 50. Similar scale of error bars is observed 
in HAADF intensity as for the thin GSs, while larger errors 
come from counting layer numbers for thick GSs. As counting 
from the screen is not practical for layer numbers larger than 
~10, all counting was done from the after-processed micro-
graph plates. The errors originate mainly from the Fresnel 
fringes due to slightly different focal conditions.

23.3  VERIFICATION OF THE GRAPHENE 
MASS STANDARD

Calibration is the crucial step in implementing the atomic-
level precision. This process primarily consists of seeking 
mass standards with known masses and careful improving of 
the signal–noise ratio for the specimens. In the above sec-
tion, we have established a relationship between the HAADF-
STEM intensity and the thickness of GSs, which has the 
potential of studying carbon nanoparticles with different 
morphologies. Before the application of this calibration, its 
validity is checked reversely by amorphous carbon nanopar-
ticles here.

The carbon nanoparticles with determined masses were 
collected from a carbon cluster beam generated in a radiofre-
quency sputtering chamber of a gas-aggregation cluster source 
(Han et  al. 2007). The liquid nitrogen cooling, which nor-
mally used along the drift zone, was not applied. Amorphous 
nature of the carbon nanoparticle is shown by high-resolution 
TEM, electron diffraction, and EELS, which eliminates the 
influence of Bragg’s scattering in electron collection. For clus-
ters with diameters of 3.5–8 nm, quantum mechanical effects 
dependent on the size are of little relevance, and spherical 
shapes are energetically favored, particularly for the room 
temperature beams emerging from the gas aggregation cham-
ber. This means that the carbon nanoparticles are spherical 
when they are flying within the beam before deposition, and 
the value of masses can be calculated from their spherical 
shapes.

The stability of the spherical shape when depositing the 
nanoparticles was confirmed by molecular dynamics simu-
lations. Amorphous carbon nanoparticles comprise multiple 
hybridization states which may potentially change during 
impact. Accordingly, we employ the environment-dependent 
interaction potential for carbon (Marks 2000), which has been 

5 μm

FIGURE 23.4 HAADF-STEM image showing an overview of 
graphene sheets (GSs) supported by holey Formvar film coated TEM 
grid. The bright patches on the right side of the images are con-
tamination left on the samples during preparation and handling of 
the specimen. The arrows indicate areas where graphene are freely 
suspended on the holey film. (Reprinted from Ultramicroscopy, 110, 
Song et al., Freestanding graphene by scanning transmission elec-
tron microscopy, 1460–1464, copyright 2010, with permission from 
Elsevier.)
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extensively applied to amorphous carbon in simulations of 
quenching and deposition. Figure 23.7a shows an amorphous 
C1441 nanoparticle being deposited onto a diamond substrate 
containing 23,120 atoms at a kinetic energy of 0.25 eV/atom. 
The spherical shape is maintained as shown in Figure 23.7b. 
In the experiment, free deposition conditions without any 
accelerating potentials were employed to deposit the reference 

clusters for calibration. The free deposition is believed to 
guarantee the soft landing of the clusters with little transfor-
mation as confirmed by the simulation. Under the assumption 
that all of the reference clusters keep their spherical shapes 
after deposition, their lateral diameter is equal to their vertical 
height. So their masses can be calculated based on the cluster 
geometry and density as determined by EELS.
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scanning transmission electron microscopy, 1460–1464, copyright 2010, with permission from Elsevier.)
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To extract the contribution of reference clusters to the 
HAADF intensity, the intensity of the support film is set as 
the zero level, and the portion above the zero level is sampled 
as the signal from the carbon clusters. As shown in Figure 
23.8a, a small region in the center of the particle is selected 
and the intensity of each pixel is averaged to give the HAADF 
maximum, while the intensity of all the pixels from a cluster 
is summed as the HAADF integral.

The HAADF maximum and the HAADF integral are 
both plotted against the cluster diameter in Figure 23.8b, and 
the HAADF integral is plotted against atom numbers in (c). 
All curves are shown to increase monotonically even if the 
atomic columns are unresolved by the TEM. The linearity up 
to 8 nm, or 3.4 ± 0.6 × 104 atoms in equivalence, is observed 
for both the HAADF maximum curve in Figure 23.8b and the 
calibration curve in Figure 23.8c. Since the cluster diameters 
are much larger than the size of the electron probe (<8 Å), the 
HAADF integral sums over all the probed points of a selected 

cluster. As a result, the HAADF integral curve in Figure 23.8b 
depends on the projected area of the cluster and increases in 
a polynomial fashion in contrast to the linear growth in the 
HAADF maximum curve.

The calibration curve demonstrates that this metrology 
technique can achieve near atomic-level precision. The slope 
of the curve in Figure 23.8c is the cross-section constant σc, 
and the linear portion extends to atom counts of very few 
atoms. In addition, the linear fitting is essentially the average 
of σc over the whole linear region, further reducing measure-
ment errors arising from the coarse determination of N and 
the HAADF intensity. This results in a value of σc with an 
error of 19%, which is also valid for small N.

By applying the calibration curves obtained above, the 
thickness is measured for GSs suspended on holey carbon film 
as shown in Figure 23.9a. The cleaved GS is composed of sev-
eral regions of 3, 10, 28, and 35 layers (L). The lateral extent of 
the 3 L block is less than 100 nm, which is invisible to normal 
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FIGURE 23.7 Molecular dynamic simulation of free deposition of amorphous carbon clusters. (a) and (b) are snapshots of a cluster of C1441 
before incidence and after collision, respectively. The simulation time is 0 and 2.5 ps. The spherical shape was well maintained after the 
deposition at 0.25 eV/atom. The gray depth from dark to light of the atoms represent atoms with sp, sp2, and sp3 hybridization, respectively. 
(Reprinted with permission from  Song et al., Calibrating the atomic balance by carbon nanoclusters. Appl. Phys. Lett. 96:033103. Copyright 
2010, American Institute of Physics.)



349Using Few-Layer Graphene Sheets as Ultimate Reference of Quantitative Transmission Electron Microscopy

optical techniques. In order to evaluate the layer resolution, 
all the HAADF signals over the regions of vacuum, 3, 10, and 
28 L were extracted for statistics, yielding a histogram curve 
in Figure 23.9b. The full width at half maximum decreases 
with decreasing layer number, and results of 3 ± 1.3 L and 
10 ± 1.5 L are obtained. The error ratio is further reduced in 
measuring sheets with larger L, for example, 28 ± 2.6 L. The 
number of atoms probed by the STEM image can be calcu-
lated by considering a cylindrical volume with the diameter 
of the electron probe and the height of the specimen. In the 
3 L GS measurement with the determined σc, the probe with 
the diameter of 8 Å counts the minimum volume of 54 ± 23 
carbon atoms. A monolayer of graphene was also measured 
with a more focused probe (5 Å in diameter), corresponding 

to a precision of 5.3 carbon atoms. These results are consistent 
with the known structure of the GS.

In conclusion, HAADF intensities from carbon atoms have 
been calibrated and their linearity has been demonstrated to 
be valid up to 34,000 atoms. With this calibration, the thick-
nesses of GSs are measured down to one layer. It confirms 
that GSs and carbon clusters can be used as mass standards 
for each other interchangeably.

23.4  WEIGHING CARBON CLUSTERS USING 
GRAPHENE AS THE MASS STANDARD

The HAADF intensity versus GS thickness relationship 
displayed in Figure 23.6a and b readily provides a mass 
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calibration for the HAADF-STEM imaging. To achieve this, 
carbon nanoparticles to be studied should be STEM-imaged 
strictly under the same conditions as one did with the GSs. 
Then the HAADF intensity of the sample can be compared 
with that of the GS, and the mass of the sample can be calcu-
lated accordingly.

In the experiment, carbon nanoparticles were prepared 
with a magnetron plasma aggregation cluster source. The 
nanoparticles were soft-deposited in a high vacuum chamber. 
It is shown that these particles have an overall spherical shape 
while the core comprises of several small seeds (see Figure 
23.10). Energy-dispersive x-ray (EDX) spectroscopy analysis 
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FIGURE 23.10 (a) TEM images of two carbon nanoparticles at 0 and 35 tilting angle. It is apparent that the overall shape of the particles 
is spherical while the core comprises of several small seeds. (b) Energy-dispersive x-ray spectrum of carbon nanoparticles. (c) A STEM 
image of carbon nanoparticles (left) and variations of the carbon intensity peak in EDX spectrums obtained by scanning along the solid 
line across two particles (right). (Reprinted from Appl. Phys. Lett., 96, Song et al., Calibrating the atomic balance by carbon nanoclusters. 
033103, copyright 2010, with permission from Elsevier.)
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has been applied for assessing the compositions of carbon 
nanoparticles. Figure 23.10b shows an EDX spectrum taken 
from the specimen in which the carbon nanoparticles were 
supported by the Formvar film coated Cu TEM grid. Apart 
from carbon, peaks for Cu, Si, and O signals can be iden-
tified. While Cu and Si signals are likely from the support 
and the detector, respectively, the small oxygen signal may 

come from the specimen contamination. Further EDX analy-
sis combined with STEM was performed as shown in Figure 
23.10c. The EDX spectrums for discrete sites along the solid 
line were recorded by scanning across two nanoparticles. It 
is found that only the carbon signal is enhanced at the loca-
tion of the particles, which means that the high contrast in the 
TEM/STEM images within the particles are not due to any 
heavy elements. An EELS analysis of the carbon atom state 
shows that both the core and the shell have similar graphite-
like chemical bonding. Nanobeam electron diffraction indi-
cates that the nanoparticles are amorphous.

Figure 23.11a and b show a typical bright field TEM image 
and a STEM image of the carbon nanoparticles. By applying 
the calibration curves in Figure 23.6, a quasi-3D mass den-
sity mapping of the carbon nanoparticles can be performed. 
The result is shown in Figure 23.11c with false colors. It is 
apparent that all of these particles have complicated core–shell 
structures. Their cores are formed by dense nuclear seeds, sur-
rounded by porous shells. The densities of the cores and shells 
can be approximated as 2.3 ± 0.3 and 0.45 ± 0.06 g/cm3 on the 
rough assumption that they are both spherical. The former is 
close to the value of graphite density, 2.09–2.23 g/cm3. The 
uncertainty of the calculated density is estimated from that of 
the volume containing the atoms interacting with the incident 
electron beam. The revelation of the core–shell structures of 
carbon nanoparticles shows the potential of mapping biologi-
cal samples quantitatively with the HAADF-STEM technique.

23.5  ELECTRON SCATTERING IN 
GRAPHENE SHEETS

The mean free paths (λ), or the cross-sections (Ω), of electron 
scattering in various materials are the fundamental data of the 
radiation physics, particularly in the current material science 
during the quantitative analysis using electron microscopes. 
They are characteristic measures of scattering. By definition, 
they are related as 1/λ = NΩ, where N is the number of atoms 
per unit volume. The value of λ is known to depend on several 
parameters, such as electron energy, geometry of the illumi-
nation, and collection optics. Comparing to early Rutherford 
scattering experiments (Rutherford 1911), modern TEMs are 
complemented with delicate controls of the electron beam 
and digital recording of detected signals, making the TEM 
an ideal platform for the quantitative analysis of electron 
scattering.

Numerous studies have so far been dedicated to the measur-
ing of λ (or Ω), and a modern TEM allows several approaches 
to achieve this. For example, Angert et  al. measured the 
elastic and inelastic electron scattering cross-sections of 
amorphous layers of carbon and vitrified ice using electron 
spectroscopic diffraction (Angert et  al. 1996). Due to their 
method of determining layer thickness, an experimental error 
of 20%–25%  was found. Chou et  al. used an off-axis elec-
tron holography approach to obtain the inelastic λ of  silicon 
and poly(styrene) (Chou and Libera 2003). Iakoubovskii and 
coworkers measured inelastic electron scattering λ with a 
200 kV TEM for the majority of stable elemental solids and 
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men). (c) A quasi-3D view of the mass distribution of the carbon 
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their oxides (Iakoubovskii et al. 2008). Their results give an 
insight into the electronic structures of atoms and solids. In 
this section, we measure the λ of electrons scattered in the 
GSs using the HAADF-STEM technique. The accuracy of the 
measurement and its dependence on the collection angle of 
HAADF detector and electron energies are discussed in terms 
of multi-slice simulations.

The electron scattering in solids is a complicated process. 
However, if only elastic, single scattering is concerned, the 
intensity of incoherent electrons received by a HAADF detec-
tor can be simplified as a relation (Yen et al. 2004):

 I I e= − −
0( ),/1 τ λ

 (23.1)

where λ is the mean free path of electrons with certain energy 
transmitting through specimens, τ is the thickness of the 
sample, and I0 is the intensity of the incident beam. In a thin 
specimen where τ is much smaller than the mean free path λ, 
the relation can be approximated as

 
I I= 0

τ
λ

,
 

(23.2)

which is the very linear relationship between GS thickness 
and HAADF-STEM intensity we found in the above sec-
tion. In most cases, however, the samples we concern are not 
uniformly distributed, such as atomic clusters and nanopar-
ticles. Nevertheless, as long as the linear relation holds, we 
can always integrate the intensity over the interest area in a 
HAADF-STEM image for the mass mapping. The accuracy 
of such a weighing method depends critically on the mass 
standard we applied.

As one extends the thickness of GSs studied to over 50 
layers, the relationship eventually deviates from linearity 
and Equation 23.1 is applicable. Hence, if the HAADF inten-
sities for GSs of various thicknesses are available, the data 
can be fitted into Equation 23.1 and the values of λ can be 
obtained.

In order to produce free-standing GSs with different 
number of layers from a few to over a hundred, a high-yield 
method of splitting expandable graphite was employed (Liao 
et al. 2011). The suspension of GSs was finally drop-cast onto 
a TEM grid covered with holey Formvar films. Once the sol-
vent was evaporated, GSs would be held on the grid. This pro-
cedure was repeated several times to increase the density of 
the captured GSs.

The electron scattering was carried out in a Tecnai F20 
TEM/STEM with a field emission gun operated at 80–200 kV. 
The inner angle of the HAADF detector was tuned by the CL. 
Here, an inner collection angle of 37 mrad was chosen. By con-
trolling the focal strength of the second condenser lens (C2) 
and its aperture, the convergent angle of the incident electron 
beam was approximately set to a constant value of 15 mrad. 
For each beam energy, regular TEM/STEM alignments need 
to be done before image-taking. Hence, we can only assure 
that the operational parameters of STEM are constant for 

electrons with the same energy. Comparing the HAADF 
intensities generated by electrons of different energies makes 
no sense, even for the same area of GSs. Nevertheless, the 
ultimate values of λ obtained by fitting the data to Equation 
23.1 are independent of the STEM configurations.

The HAADF-intensity versus GS thickness relationship 
was obtained by following the standard procedures as in the 
above sections. With the GS thickness extending to 162 lay-
ers, we have introduced larger experimental uncertainties. As 
shown in Figure 23.12, the exact counting of dark lines in the 
TEM images becomes difficult due to the blurred edges of 
thick GSs. Hence, the relationship is only extended up to 162 
layers in the present study.

Figure 23.13 displays the experimental HAADF intensi-
ties plotted as a function of the GS thickness for scattered 
electrons with energy 80, 120, 160, and 200 keV. For an easy 
comparison, the intensities in the figure are normalized by the 
fitting parameter I0. The curvature of the fitting curves clearly 
indicates the ability of electrons to penetrate the samples. For 
each data point in the figure, the x-error bar comes from the 
counting of dark lines in the TEM image, while y-error bar 
comes from the standard deviation from averaging the inten-
sity of the HAADF intensities in the STEM image. By fitting 
the thickness–intensity relationship to the high-angle elastic 
scattering approximation (the solid line in Figure 23.13), we 
have obtained the values λ for 80, 120, 160, and 200 keV elec-
trons. The fitting results and experimental errors are listed in 
Table 23.2. The relative error finds its smallest value of 6.2% 
at 80 keV, and its largest value of 15.0% at 120 keV. The aver-
age error is 9.5% in the present study.

The electrons scattered can be grouped in different ways. 
Elastic scattering with no loss of energy usually occurs at 
the range of 1–10°. Elastic electrons are mostly coherent at 
relatively low angles, but become incoherent at higher angles. 
Inelastic electrons, on the other hand, are almost always inco-
herent and at relatively low angles (<1°). Therefore, the types 
of electrons that contribute to the HAADF intensity depend 
crucially on the collection angle of the HAADF detector, θ.

In order to rule out the inelastic scattering and coher-
ent electrons, a higher collection angle would be preferred. 
However, a larger θ would also weaken the HAADF signals, 
leading to trivial signal–noise ratio. Thus, the collection angle 
θ should be carefully chosen so that coherent electrons are 
filtered out, yet the counts of HAADF intensity are reliable 
for quantitative analysis.

In Figure 23.14a, there are four STEM images of the same 
free-standing GS captured using different collection angles θ 
(in mrad). It is apparent that a large θ results in weak HAADF 
intensity for the ultra-thin GS, whereas a very small θ would 
cause the contrast of STEM images to reverse. With the 
increase of CL, the outer angle, as well as the inner angle 
of the annular detector shrinks, which results in receiving 
much more electrons near the axial beam spot and less at high 
angles. This leads to the reversed contrast of the STEM image 
as for θ = 8 mrad.

To get a better knowledge of the relationship between 
HAADF intensity and collection angle, a series of STEM 
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image simulations were performed suing a multi-slice algo-
rithm (Kirkland 1998; Koch 2002). All the simulation param-
eters were set in accordance with experimental configurations. 
Figure 23.14b displays a simulated angular distribution of 200 

keV electrons scattered by a 10-layer GS. It is seen that the 
intensity of electrons oscillates dramatically at low angles 
(<20 mrad), corresponding to a convergent-electron beam 
diffraction pattern of the GS crystallization. At high angles 
(>35 mrad) the curve decreases monotonically, approach-
ing to zero. It is apparent that, a collection angle larger than 
35 mrad can be seen as a high angle in the HAADF-STEM 
imaging for GSs at 200 kV.

Further calculations were made on 200 keV electrons scat-
tered by GSs of different thickness. In each single calculation, 
detectors with inner collection angles from 35 to 40 mrad were 
used simultaneously, which, of course, cannot be realized in 
real experiments. The results presented in Figure 23.14c show 
that although the electron intensity drops substantially with 
the increase of θ, by fitting the data to the relationship I = I0 
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FIGURE 23.13 Experimental HAADF intensities are plotted 
against the thicknesses of the graphene sheets (GSs) using the elec-
tron beam with the energies of 80, 120, 160, and 200 keV, respec-
tively. The curves are fitted according to the formula I = I0 (1 − e−τ/λ) 
(the solid lines). The inset diagram shows a relation between the 
electron energy and its mean free path. (Reprinted with permission 
from American Scientific Publisher, Ding et al. 2012. J. Nanosci. 
Nanotechnol. 12:6494−6498.)

TABLE 23.2
 Experimental Scattering Mean Free Paths (λ) and 
Cross-Sections (Ω) for Electron Scattering in Graphene 
Sheets at 80, 120, 160, and 200 keV

80 keV 120 keV 160 keV 200 keV

λ (nm) 48.2 ± 3.0 61.4 ± 9.2 97.9 ± 7.6 115.6 ± 10.2

Ω (10–4 nm2) 1.84 ± 0.11 1.44 ± 0.18 0.90 ± 0.08 0.77 ± 0.07

Source: Ding et al. 2012. J. Nanosci. Nanotechnol. 12: 6494−6498.
Note: λ is related to Ω as 1/λ = NΩ, where N is the atomic density. A graph-

ite density of 2.267 g/cm3 is used for the GSs.
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(1 − e−τ 
 

/ λ), the resultant values of λ have a relatively small dif-
ference within 5.6 nm. The multi-slice simulations prove that 
θ = 37 mrad employed here is a reasonable value.

23.6 SUMMARY

The basic principle of the HAADF-STEM mass measurement 
technique relies on the linear relationship between the HAADF 
intensity and the projected specimen mass at each image pixel. 
The constant of linearity between image intensity and mass 
can be calculated from first principles taking into account such 
factors as the probe current, the collection angle subtended by 
the HAADF detector, the electron energy, and the elastic and 
inelastic scattering cross-sections for atoms in the specimen. 
However, a much simpler approach is to use a reference stan-
dard with known mass under the same imaging conditions.

In this chapter, we demonstrate that GSs are ideal mass 
standard for the mass and 3D morphology mapping of car-
bon nanoparticles using a HAADF-STEM technique. The 
HAADF intensity in a STEM image is linearly related to the 
mass of a nanoparticle under certain sizes. So the mass of 
the nanoparticle can be weighed if a reference with known 
mass is available. This method has worked out for a number 
of heavy elements with atomic level precision.

Compared to our previous attempt using size-selected car-
bon nanoclusters as mass standard, GS has many advantages 
as an alternate choice. GS has a nearly perfect 2D crystalline 
structure, its thickness can be well controlled, and it is very 
robust. Potentially, it can also replace the conventional amor-
phous carbon films as TEM supports. As the thickness of GSs 
can be measured precisely by counting the number of layers, a 
strict relationship between the HAADF intensity and the thick-
ness of GSs is established. By applying the linear part of this 
relationship, carbon nanoparticles with complicated core–shell 
inhomogeneous structures are weighed and their morphologies 
are mapped. Furthermore, the intensity–thickness relationship 
up to over 100 layers complies with a simple formula, I = I0 
(1 − e−τ / λ). By fitting experimental data into this formula, 
mean free paths of incident electrons of different energies are 
obtained with well-controlled experimental errors.

The advance shown in the present chapter is feasible partly 
due to our recent work in exploring the potential in quanti-
fication STEM analysis, and partly due to the recent surge 
of interests in graphene in the scientific community, making 
this material routinely available through various physical and 
chemical preparation routes. It is envisaged that the current 
proposal of using GSs for mass standard would be interesting 
not only for the material scientists who work on light elements, 
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but also potentially for biologists as an alternative to the com-
monly used tobacco virus as mass standard, particularly for 
their structural investigations of small biological molecules.
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24 Computational Modeling of 
Graphene and Carbon Nanotube 
Structures in the Terahertz, 
Near-Infrared, and Optical Regimes

M. F. Pantoja, D. Mateos Romero, H. Lin, S. G. Garcia, and D. H. Werner

ABSTRACT

This chapter introduces some computational electromag-
netic techniques that can simulate the interaction of electro-
magnetic waves with graphene and carbon nanotubes from a 
macroscopic perspective. The link with the electromagnetic 
fields is achieved by employing appropriate Maxwell’s equa-
tions in conjunction with material parameter models derived 
from quantum mechanics description. The modeling tools will 
enable a new generation of electromagnetic devices to be com-
putationally explored, while providing a realistic perspective 
on future possibilities for graphene-based technology.

24.1 INTRODUCTION

Interest in graphene as innovative material to design electro-
magnetic devices has skyrocketed in recent years (Novoselov 
et al. 2004). Whenever technology has made it possible, 
graphene-based devices have been manufactured and char-
acterized, but the unavailability of manufacturing processes 
(e.g., nanofabrication techniques) or the monetary cost of the 
prototypes have limited this exploration. To overcome these 
issues, it is highly desirable to develop computational electro-
magnetics techniques that can simulate graphene and carbon 
nanotubes from a macroscopic perspective. Also, the compat-
ibility of this procedure with the actual numerical techniques 
employed in other disciplines will better enable the study of 
the nanodimensional properties of matter and their influences 
on practical devices.

This chapter introduces numerical methods for model-
ing the interaction of electromagnetic waves with graphene 
and carbon nanotubes. It is important to note that most of 
the designs for electromagnetic devices that are based on 
graphene have been proposed for operation in the terahertz, 
infrared, and/or optical regimes. Consequently, the numerical 
description of graphene and carbon nanotubes presented in 
this chapter is based on constitutive parameter models that are 
valid in those regimes of the electromagnetic spectrum. The 
link with the electromagnetic fields is achieved by employing 
the appropriate Maxwell’s equations in conjunction with the 
material parameter models developed in Section 24.2. Taking 
into account the maturity of the numerical simulators in the 
field of computational electromagnetics (Sadiku 2010), it is not 
feasible to explore all possible approaches in a single chapter. 
However, the algorithms presented here, which start from the 
frequency- or time-domains and the differential- or integral-
equation formulations, will serve to demonstrate how the 
exotic material properties of graphene and carbon nanotubes 
can be incorporated into standard computational electromag-
netic modeling codes. These modeling tools will enable a new 
generation of electromagnetic devices to be computationally 
explored, while providing a realistic perspective on future 
possibilities for graphene-based technology.

A short survey of innovative devices based on graphene 
is presented in Table 24.1. An intense research activity to fill 
the so-called THz gap has been performed (Hartman et al. 
2014). Devices able to operate in this regime include filters 
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(Li et al. 2014b), emitters, and detectors (Abadal et al. 2013; 
Chen and Alù 2013; Filter et al. 2013; Gomez-Díaz et al. 2013; 
Zhou et  al. 2014), absorbers (Andryieuski and Lavrinenko 
2013; Xu et  al. 2013), propagating media (Gomez-Díaz and 
Perruisseau-Carrier 2012; Othman et al. 2013; Amanatiadis 
et  al. 2014; Correas-Serrano et  al. 2014), and lenses (Wang 
et al. 2014). Mid-infrared and optical devices including gra-
phene are waveguides (Farhat et al. 2013; Li et  al. 2014a), 
switches and directional couplers (Li et  al. 2013; Wang 
et al. 2012), filters (Li et al. 2014a,b), nonreciprocal devices 
(Tamagnone et al. 2014), antennas (Zhu et al. 2014), and other 
plasmonic devices (Luo et al. 2013).

24.2  THEORETICAL DERIVATION 
OF THE CONDUCTIVITY

As it has been pointed out in the introduction that the main 
objective of this chapter is to provide a formulation that incor-
porates the nanodimensional electronic transport properties 
of graphene into a macroscopic material model suitable for 
use with Maxwell’s equations. To this end, effective models 
are developed for the constitutive parameters {ε, μ, σ} of gra-
phene and carbon nanotubes (Maksimenko et al. 1999), which 
are valid in the terahertz, near-infrared, and optical regimes. 
Taking into account the two-dimensional character of graphene 
and carbon nanotubes, which make the electrical permittivity 
and magnetic permeability approximately equal to those of 
free space, the basis of the proposed technique is to develop a 
theoretical formulation for the associated conductivities.

In this sense, several methods have been presented in the 
literature for modeling graphene (Charlier et al. 2007; Castro 
Neto et al. 2009) from a bottom-up perspective, most of them 
based on the pioneering work of Wallace (1947). In short, they 

employ the second quantization of quantum mechanics, sup-
ported by the electronic band description, which uses basis 
functions that account for the number of particles occupying 
each energy state in the complete set of single-particle states 
(Maggiore 2005). However, this approach is extremely com-
plex and difficult to implement in practice. For this reason, 
the formalism presented here is based on the first quantiza-
tion, which is more intuitive because it depends exclusively on 
single-particle wave functions. No matter what intermediate 
formulation is employed, the key step for incorporating the 
microscopic electronic transport of carriers into the macro-
scopic conductivity is through Kubo’s equation (Kubo 1956). 
Approximations of these equations to simpler forms can be 
made by assuming different regimes or under certain condi-
tions with regard to the physical parameters (e.g., temperature 
or chemical potential). Moreover, the formulation presented 
here allows carbon nanotubes to be represented as a particular 
case of graphene sheets, in which the geometrical periodicity 
results in a quantization of the transversal momentum.

24.2.1 Graphene

Graphene is an allotrope of carbon arranged in a honeycomb 
structure made out of hexagons whose vertices are occupied 
by carbon atoms sharing covalent bonds. Electronic proper-
ties of graphene can be derived from the band theory of solids. 
To this end, a brief description is presented on the geometrical 
characterization and energy bands in graphene. Then, a first 
quantization procedure is introduced to achieve the conduc-
tivity at any frequency, and finally further approximations 
for the infrared and optical regimes are considered, which 
allow simpler mathematical expressions to be derived for the 
conductivity.

Geometrically, a hexagonal lattice is a particular case of a 

rhombic lattice with rectangles that are 3  times as high as 
they are wide (Kittel 2004). In this case, a unit cell contains 
two nonequivalent atoms (noted as A and B), each one form-
ing a sublattice of identical primitive vectors 
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where a is the modulus of the lattice vector, which is related 

to the carbon–carbon distance aCC as a aCC= 3 . The first 
Brillouin zone is also hexagonal (Wallace 1947), with recip-

rocal-lattice vectors 
�
bi (see Figure 24.1):
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TABLE 24.1
Contributions Including Innovative Electromagnetic 
Devices Based on Graphene

Regime Reference

THz Gomez-Díaz and Perruisseau-Carrier (2012)

Abadal et al. (2013)

Andryieuski and Lavrinenko (2013)

Chen and Alù (2013)

Filter et al. (2013)

Gomez-Diaz et al. (2013)

Othman et al. (2013)

Xu et al. (2013)

Amanatiadis et al. (2014)

Correas-Serrano et al. (2014)

Li et al. (2014a,b)

Wang et al. (2014)

Zhu et al. (2014)

Mid-IR&Optical Li et al. (2013)

Li et al. (2014a,b)

Luo et al. (2013)

Tamagnone et al. (2014)

Zhu et al. (2014)
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In this way, three of the four electrons located in the 
valence band of any carbon atom are in sp2 hybridization, that 
is, the 2s orbital is mixed with 2px and 2py orbitals to form 
a total of three σ covalent bonds with neighboring carbon 
atoms. The fourth electron, whose 2pz orbital remains inde-
pendent of the σ bonds, forms a π covalent bond. The conduc-
tivity is mainly related to this latter electron, because σ bands 
(depicted as dotted lines in Figure 24.2, ranging from −1.1 to 
−0.5 Hartrees) are below the Fermi level (located in Figure 
24.2 around −0.3 Hartrees, where the π and π* bands collide), 
and are thus unlikely to transition from the valence to the con-
duction band. For this reason, a carbon atom in graphene has 
only one electron in the valence band.

The energy of the π band can be calculated through the 
tight-binding approximation (Wallace 1947), in which it is 
assumed that only the interactions between electrons of neigh-
boring atoms are significant. To this end, the wave function of 
the orbital 2pz in an isolated atom is denoted by X r( )

�
. Using 

lattice symmetry, the wave function of any equivalent A-atom 

can be written as X r rA( )
� �− , where 

�
rA  is the position vector, 

and similarly for B-atoms as X r rB( )
� �− . Using the Bloch theo-

rem [1], the periodic Bloch waves for the sublattices A and B 
are
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(24.3)

where N is the number of unit cells of the lattice. Then, the 
total wave function has the form

 ϕ ϕ ϕ( ) ( ) ( )
� � �
r c r c r= +1 1 2 2  (24.4)

with constants c1 and c2 associated with the normalized wave 
function φ.
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FIGURE 24.1 Arrangement of carbon atoms in graphene: Unit cell (left) and corresponding first Brillouin zone (right).
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Let H be the Hamiltonian of the lattice that allows, among 
other things, the calculation of the energy of an electron in 
a particular quantum state (Bransden and Joachain 2000). 
Taking {φ1, φ2} as the basis of the space formed by the lat-
tice wave functions, which satisfies Hφi = Eφi where E is the 
energy of the electron in the φi state, then H can be expressed 
as

 
H

H H

H H
=







11 12

21 22  
(24.5)

where H H dr Hij i j ji= ∫ =ϕ ϕ* *�
.

Also, it is usual in the tight-binding approach to neglect the 
overlapping between orbitals 2pz of different atoms, that is, 
∫ − − =X r r X r r drA B

*( ) ( )
� � � � �

0 for any A ≠ B. Then, the diagonal 
terms of H are
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where geometrical symmetry has been employed to allow 
H11 = H22, and ε0 corresponds to the energy of an electron on 
the 2pz orbital in carbon. Regarding the overlap coming from 
different sublattices, only nearest neighbors are considered, 
which leads to the condition that ∫ − − =X r r HX r r drA B

*( ) ( )
� � � � �

0  
if A and B are not nearest atoms, and the off-diagonal terms of 
the Hamiltonian are
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where t e X r r HX r r drik r r
A B

A B= − ∫ − −−
� � � � � � � �·( ) *( ) ( )  and 

∫ X* ( ) ( ), ,
� � � � �
r r HX r r drA B A B− − =′ ′ 0, for any A ≠ A′ and B ≠ B′, 

is applied.
Taking into account that only energy gaps are needed to 

characterize the electrical conduction, the value of ε0 can be 
assumed to be a reference energy. In this way, |t| is experi-
mentally measured as approximately equal to 2.8 eV, and the 
Hamiltonian is rewritten as
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where w k t e eik a ik a( ) ( )
� � � � �

= − + +⋅ ⋅1 1 2 . The associated eigenvalues 
and eigenvectors of the matrix are
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and
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with s = ±1, and
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Figure 24.3 shows a three-dimensional picture of the dis-
persion relation arising from Equation 24.9. The s = −1 solu-
tion corresponds to the bonding orbitals π, which are filled 
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FIGURE 24.3 (Left) Energy of electrons in π and π* bands. (Right) Zoom near Fermi points.
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in the fundamental state, and the s = 1 solution forms the 
antibonding orbitals π* for excited states of the graphene. A 
similar graph restricted to the Γ − K and Γ − M directions of 
the first Brillouin zone is presented in Figure 24.2, which also 
includes the σ and σ* orbitals as reference. At low tempera-
tures, only the σ and π bands are occupied, and the Fermi 
energy is reached at K vertices of the Brillouin zone, which 
also form the Fermi surface for graphene. Furthermore, the 
choice of ε0 = 0 as the reference for energies implies that the 
Fermi energy can be considered as zero in the remainder of 
the chapter.

Therefore, the dispersion analysis can be carried out by 
considering a small perturbation δ

�
k  near the Fermi points of 

graphene, in the form 
� � �
k K k= + δ . In this way, a series expan-

sion of Equation 24.9 leads to

 
ε δ� �

�
k s Fsv k, | |=

 
(24.11)

where the Fermi velocity for graphene is vF = 
( )3 2 106a t/ | | m/s� ≈ . It is worth remarking that Equation 
24.11, which predicts both the ballistic transport and isotro-
pic properties for graphene and illustrated as a zoom in the 
right part of Figure 24.3, has a linear dependence on | |δ

�
k . Of 

course, those properties cannot be assumed in general, for 
example, in the ultraviolet regime, but they will hold for the 
situations considered in this chapter.

Regarding the distribution of electrons in the energy bands, 
the Fermi–Dirac distribution is employed under the assump-
tion that electrons behave as fermions (Sutton 1993):
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(24.12)

where kB is the Boltzmann constant, T is the temperature of 
the graphene, and μc is the chemical potential that can be 
tuned through the application of external fields (Figure 24.4 
shows the Fermi distribution as a function of 

�
k  for μc = 0).

To derive the conductivity of the graphene, electromag-
netic interactions are considered by the total linear momen-
tum �

�
k e c A+ ( )/ , where 

�
A is the electromagnetic potential 

vector related to a harmonic electric field 
�
E  as 

� �
A c i E= ( )/ ω . 

Assuming a relatively small electromagnetic momentum, the 
perturbation method can be applied such that mechanical and 
electromagnetic terms can be separated in the Hamiltonian as 
(Zhang et al. 2008)

 H H H= + ′0  (24.13)

where H0 corresponds to H in Equation 24.8, and H′ is
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which can be rewritten as
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The components of the current 
�
J  in Equation 24.15 are
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Next, Kubo’s formulation (Kubo 1956) may be applied to 
obtain the components of the dynamic conductivity tensor as
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FIGURE 24.4 Fermi distribution of occupied states for electrons 
in the case where μc = 0.
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where V is the volume of the system and 〈 〉 indicates the 
trace of the matrix resulting from the product of the cor-
responding time-varying current densities 

�
Jx and 

�
Jy and 

the auxiliary matrix of Fermi–Dirac distribution ρ can be 
defined as
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In our case, Equation 24.18 yields
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where g k k k( ) [ ( ) ( )], ,

�
� �� �= + − − −1 2 1 21 1/ /ω ε ω ε  and the approx-

imation ( ) ( )1 4 2 2/ /V dkkΣ �
�

≈ ∫ π  has been invoked.
For low energies, which is the case in the terahertz, near 

 infrared, and optical regimes, the occupied states will be located 
near the Fermi points K. For this reason, the series expansion � � �
k K k= + δ  can be repeated leading to the approxi mations  
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The integral in Equation 24.21 can be carried out 
through a change of variables such that ε ε= = | |� �

�
k Fv k,1  and 

θ = tan−1(ky/kx)
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which can be rewritten through integration by parts and 
applying the property that ε((∂f(ε)/∂ε) − (∂f(−ε)/∂ε)) is an even 
function. Following this procedure results in
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Scattering of electrons can be taken into account by intro-
ducing a complex frequency ω → ω + 2iΓ (Hanson 2008), 
where Γ is related to the relaxation time τ for the scattering 
of electrons in the form Γ = (2τ)−1. Using this fact, Equation 
24.23 may be rewritten as
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which is identical to the lower frequency approximation 
(including the optical and terahertz regime) presented in 
Gusynin et al. (2007).

The first term of Equation 24.24 can be identified as a first 
intraband contribution, which has the following analytical 
solution:
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The second term of Equation 24.24 represents an interband 
contribution, which can be approximated using (kBT ≪ |μc|, 
k TB � �ω), as
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Equation 24.25 accounts only for the intraband response 
because (∂f(−ε)/∂ε) = −(∂f(ε)/∂ε), which implies that it can 
be rewritten as σ π ω ε ε ε ε= − + ∫ ∂ ∂− ∞

i e i d f2 22 2 1
0[ /� ( )] ( ( ) ) .Γ  

Hence, only the cases where s = 1 or −1 are employed in 
the calculation, which is not true for Equation 24.26. Also, 
it is important to remark that for the terahertz regime, it is 
only necessary to consider Equation 24.25, whereas both 
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Equations 24.25 and 24.26 should be taken into account at 
optical frequencies.

24.2.2 carBon nanotuBes

The dispersion relation (24.9) remains valid for carbon 
nanotubes, which can be thought of as the enrollment form 
of graphene. However, the enrollment enforces a geometri-
cal periodicity and the transversal momentum is quantized, 
which simplifies the derivation of the conductivity.

Figure 24.5 presents an extended graphene sheet. 
Any enrolled form may be characterized by a vector � � �
C ma naH = +1 2  joining identical carbon atoms, which will 
be located at the same point in the carbon nanotube. Then, �
CH represents the circumference of the carbon nanotubes, 

| | = + +
�
C a m mn nH CC3 2 2 , and can also be taken as a basis 
vector in the unit cell of the carbon nanotubes. Furthermore, 
the translation vector 

�
T  is defined to join the reference point 

O with the nearest carbon atom, perpendicular to 
�
CH . Hence, �

T  can be expressed as
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T t a t a= +1 1 2 2  (24.27)

where t1 = (2m + n)/dR and t2 = (m + 2n)/dR, with 
dR = gcd(2m + n, m + 2n). In this way, the axis of the carbon 

nanotube is defined along the 
�
T  direction, referenced as z, 

and the corresponding perpendicular component along 
�
CH , 

denoted as ϕ.
The wave functions in carbon nanotubes are periodic 

according to 
�
CH . Therefore, by applying Bloch’s theorem

 ϕ ϕ ϕ( ) ( ) ( )
� � � �� �

r C e r rH
ik CH+ = =⋅

 
(24.28)

it follows that
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For armchair carbon nanotubes (m = n), Equation 24.29 
reduces to
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and for zigzag carbon nanotubes (m = 0 or equivalently 
m = −n), we obtain
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Consequently, Equation 24.24 still holds for carbon nano-
tubes, but the transversal momentum quantization has to be 
taken into account for the integration. To this end we apply the 
identity 2 0

2 2π ε∫ = ∫∞ d dkvF�
�

, which leads to an expression for 
the intraband conductivity
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where the identity (∂f(ε)/∂ε) − (∂f(−ε)/∂ε) = 2(∂f(ε)/∂ε) has 
been applied.

For zigzag carbon nanotubes (Figure 24.6), Equation 24.31 
can be considered in Equation 24.32, leading to
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Only Fermi points (s = m/3 and  2m/3) have to be consid-
ered for the case of metallic zigzag (m = 3n), and the summa-
tion can be reduced to
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Following the same procedure, the conductivity of arm-
chair carbon nanotubes (Figure 24.6) can be derived. The 
resulting expression is found to be
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24.3  COMPUTATIONAL MODELS FOR 
THz AND OPTICAL REGIMES

Once the electronic transport properties of graphene and car-
bon nanotubes have been established, the question remains as 
to how to implement these characteristics in computational 
models based on Maxwell’s equations. For this purpose, two 
alternative approaches may be taken into consideration; a 
differential- or an integral-based formulation. Both of these 
methodologies may be formulated in terms of frequency or 
time-domain techniques. Then, the resulting equations may 
be solved by employing several computational procedures 
that have been developed in the last few decades, with the two 
most popular being the moment-method solution for integral 
equations and the finite-difference discretization for differ-
ential equations. Other popular techniques, such as finite-
element or Monte-Carlo algorithms, can also be successfully 
applied and present some computational advantages for par-
ticular cases. Therefore, surface and volumetric models have 
been applied to model graphene in FDTD (finite-difference 
time-domain) considering intraband (Lin et  al. 2012a,b; Li 
et al. 2013; Nayyeri et al. 2013; Wang et al. 2013; Bouzianas 
et  al.  2014), and both intraband and interband responses 
(Nayyeri et al. 2013), in frequency-domain integral equations 
(Shapoval et al. 2013), by using spectral domain techniques 
(Ardakani et  al. 2013), by the transverse resonance method 
(Gomez-Diaz et  al. 2013) and circuital models (Correas-
Serrano et  al. 2013), and by Green’s functions (Tamagnone 
et al. 2014). However, this chapter focuses only on the moment-
method and finite-difference algorithms because they tend to 
be the most computationally efficient while at the same time 
producing stable and accurate results.

24.3.1 differentiaL-equation-Based formuLation

Any transient electromagnetic wave ( ( , ), ( , ))
� � � �
E r t H r t  propagat-

ing along a graphene or a carbon nanotube structure obeys the 

Faraday– and Ampère–Maxwell equations (Taflove 2005), 
which can be expressed in the form
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where the four constitutive parameters {ε, μ, σ, σ*} account 
for the specific properties of the material. In our case, the two-
dimensional character of graphene can be considered by an 
electric permittivity and magnetic permeability equal to free 
space, no magnetic losses, and an electric conductivity derived 
based on the procedures previously discussed (i.e., ε0, μ0, σ, 0).

However, numerical simulations based on an FDTD pro-
cedure for solving Equations 24.36 and 24.37 cannot be car-
ried out by a direct substitution of conductivities (24.25) and 
(24.26) for graphene, or their quantized form of (24.34) and 
(24.35) for carbon nanotubes, because of the stability issues 
inherent in the numerical algorithm (Taflove 2005). To avoid 
these undesired instabilities, an equivalent volume conductiv-
ity εeq is defined, assuming a very small thickness of graphene 
Δ, in the form εeq = ε0 + (σ/jωΔ). Of course, the complex rela-
tive permittivity values vary as a function of frequency under 
different conditions of {μc, Γ, T} (Figure 24.7), but a time-
domain counterpart εeq(t) of the frequency-dependent permit-
tivity εeq(ω) is required as a first step in the derivation of a 
numerical procedure for solving Equations 24.36 and 24.37. 
A proposed way to achieve this is by formulating a sum of P 
partial fractions in terms of complex conjugate pole–residue 
pairs as follows:
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where the relative permittivity at infinite frequency ε∞, the pth 
pole ap, and residue cp, are found by employing heuristic tech-
niques (Haupt 2007). Equation 24.38 presents some desirable 
numerical properties: (a) it complies with the Kramers–Kronig 
relationships, which provides it with a physical meaning; (b) it 
is unconditionally stable because the poles are located in the 
left complex semi-plane; and (c) it is versatile for modeling 
intraband or interband responses, because the poles and residu-
als can describe a Drude or a Lorentz–Drude type of response.

Furthermore, it can be implemented in the time domain by 
a convolutional or an auxiliary differential equation (ADE) 
formulation (Han 2006). To this end, the FDTD updating 
equation for the electric field (the magnetic field-update equa-
tion remains unchanged) is
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where 
�
J p

n are auxiliary currents introduced by the complex 
conjugate pole–residue pairs. These auxiliary currents are 
updated by employing
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where the updating coefficients kp and βp depend on the poles 
and residues as
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As an example of results achieved by utilizing this method, 
simulations for a terahertz parallel plate waveguide formed 

by two graphene sheets separated by a distance of 50 nm are 
shown in Figure 24.8. This figure depicts two examples of 
propagating modes in the waveguide when a steady-state con-
dition is reached. Thus, the use of numerical codes enables the 
calculation of propagation parameters, such as the wavelength 
or the propagation constant, for symmetric (right part) and 
antisymmetric (left part) modes.

When carbon nanotubes are considered, the former pro-
cedure is no longer adequate because the small diameter of 
the enrollment (roughly on the order of tenths of nanome-
ters or less) will necessitate excessively fine meshes, which 
would require large supercomputers to carry out practical 
simulations. To avoid this, it is possible to apply a thin-wire 
formulation modified to include carbon nanotube structures 
as illustrated in Figure 24.9. The usual procedure for includ-
ing thin-wires in FDTD consists of introducing an addi-
tional incell inductance 〈Lincell〉 and capacitance 〈Cincell〉 per 
unit length, both related by the transmission-line equation 
〈Cincell〉 = εμ〈Lincell〉. Considering a carbon nanotube (eventually 
treated as a thin-wire of radius a and constitutive parameters 
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ε0, μ0) placed in a mesh of size {Δx, Δy}, the incell inductance 
may be expressed as (Berenger 2000)
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or (Boutayeb 2006)
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To account for the conductivity of the carbon nanotube, an 
equivalent circuit model of the conductivity can be employed, 
which has the form
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where R, LK, and Cq are, respectively, the resistance, kinetic 
inductance, and quantum capacitance per unit length. In this 
way, the thin-wire model for CNTs reduces to
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This expression may be easily implemented into the FDTD 
update scheme by discretizing the current Iz and charge Qz 
per unit length following the classical procedure described in 
Holland (1981).

Results of this method are presented for a dipole of length 
20 m and radius 2.712 nm, fed with a Gaussian voltage source 
at its center at frequencies up to 1 THz. Figure 24.10 plots the 
time-domain current at the center of the antenna. The propa-
gation of a surface plasmon resonance on the carbon nano-
tube can be observed, with a low-frequency resonance mostly 
related to the kinetic inductance, and a small amplitude of 
the current due to the large resistance of the ballistic trans-
port of carriers. Also, it becomes apparent that the inductance 
Equation 24.42 provides results consistent with a formulation 
based on the method-of-moments.

24.3.2 inteGraL equation-Based formuLation

Maxwell’s equations can be cast in the form of integral equa-
tions, such as the electric field integral equation (EFIE), the 
magnetic field integral equation (MFIE), or the combined 
field integral equation (CFIE). Each of them can be classi-
fied in different ways: based on the dimensionality of the 
integrals (volumetric, surface, or linear integral equations), 
in terms of the domain (frequency or time), or depending 
on the specific type of unknowns in the equation (current 
or current–charge integral equations) (Volakis 2012). The 
usual criteria employed to determine which type of integral 
equation is most appropriate are related to the nature of the 
problem. For graphene sheets a surface-based integral equa-
tion could be employed, while for carbon nanotubes a linear 
version could be thought of as the most appropriate form (and 
preferably taking into account that required computational 
resources are related to the dimensionality of the problem). 
For the domain of solution, frequency-domain techniques 
are computationally advantageous when single-frequency 
electromagnetic sources, or at least narrowband sources, are 
considered. However, more information for the analysis of 
physical phenomena is achieved when time-domain meth-
ods are utilized, which are typically more useful for emerg-
ing electromagnetic/optical technologies, which employ 
dispersive materials. Regarding the unknowns, the usual 
choice is the electric current or the current density, which is 
primarily due to better stability and accuracy of the simula-
tions. Finally, the specific choice of the integral equation 
depends on the geometry of the problem, that is, closed or 
open geometries. Taking into account that the actual man-
ufacturing processes are fairly mature for producing rela-
tively simple graphene sheets or carbon nanotubes, which 
can be thought of as open surfaces, the application of the 
EFIE is justified.

Therefore, a surface EFIE that takes into account the 
finite conductivity of graphene can be formulated by apply-
ing appropriate surface impedance boundary conditions 
(Yuferev 2010). Following the equivalent model for gra-
phene as a volumetric conductivity εeq, a graphene layer acts 
like a thin metal film when Re{εeq} < 0 and electromagnetic 
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waves at any point 
�
r  on the surface of graphene can be rep-

resented as

 

ˆ ( ) ˆ ( ) ( , )n E r n j J r G r r dS

j
J

i
s

S

s s

× = × ′ ′ ′






−

∇ ′∇ ⋅

∫
� � � � � �

�

ωµ

ωε

0

0

1
(( ) ( , )

( )
( )

� � �
� �
�′ ′ ′ +


∫ r G r r dS

J r

r
s

S σ
 

(24.46)

where n̂ denotes the normal vector to the surface of the gra-
phene layer, G r r e r rik r r( , ) / | |

� � � �� �
′ = − ′− − ′  is the Green’s function 

connecting the source point 
�
′r  with the field point 

�
r , 
� �
E ri( ) is 

the incident field that can be external for scattering problems 
or internal for radiation problems, 

� �
J rs( )′  is the unknown cur-

rent density ( ′∇ ⋅s  signifies the surface divergence with respect 
to the primed coordinates), and σ( )

�
r  is the conductivity that 

can be tuned locally by changing the chemical potential. The 
ability to tune the conductivity of graphene layers opens up 
the doors to a wide range of possible electromagnetic devices 
such as surface waveguides (Vakil and Engheta 2011), opto-
electronic devices (Bao 2012), frequency multipliers (Wang 
2009), or high-frequency transistors (Lin 2009). Solutions 
of Equation 24.46 can be achieved by a method-of-moments 
Galerkin procedure using Rao–Wilton–Glisson basis func-
tions (as long as the graphene remains in planar layers then 
higher order basis functions will not increase the solution 
accuracy) (Volakis 2012).

The time-domain counterpart of Equation 24.46 can be 
derived using the inverse Fourier transform
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where R r r= | − ′|
� �

 is the distance between source and field 
points, c is the velocity of light, L−1 represents the inverse 
Laplace transform, and t − (R/c) is the retarded time that 
provides causality to the electromagnetic wave propaga-
tion. Similar to the case with differential formulations in 
the frequency-domain, stability issues also appear when 
time-domain solutions are invoked. For this reason, the 
term including conductivity in Equation 24.47 is modeled 
as an expansion of Lorentz–Drude series to avoid instabili-
ties. Again, the dispersive permittivity can be represented as 
intraband and interband equivalent conductivities (σib and σib, 
respectively), from the generic formula
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where the intraband (Drude) term contains ωp corresponding 
to the plasma frequency associated with the graphene layer. 
Also, intraband transitions are characterized by an oscillator 
strength f0 and a damping constant Γ0. The term correspond-
ing to the interband contribution obeys a simple semiquan-
tum model expressed in a Lorentz form, where K represents 
the number of oscillators needed to achieve a reasonable fit 
to the analytical conductivity. Each one of these oscillators 
is described by three parameters corresponding to their fre-
quency ωj, strength fj, and damping constant Γj. Figure 24.11 
presents a comparison of the contributions between typical 
interband and intraband responses, which shows how the 
intraband response predominates as the frequency gets closer 
to the terahertz regime while the optical response is governed 
only by the interband conductivity.

To achieve a numerically efficient procedure, Equation 
24.48 can be rewritten in terms of a circuit equivalent model 
by defining a set of inductances Lj, capacitances Cj, and resis-
tances Rj, such that
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which leads to
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Figure 24.12 shows a schematic representation of the circuit 
model, which corresponds to the equivalent conductivity σ of 
the graphene sheet. Numerical models require one RL circuit 
to represent the Drude term and at least eight RLC circuits to 
represent the Lorentzian responses. It should be noted that the 
equivalent circuit model is remarkably efficient and does not 
add a significant computational burden to the solution, as well 
as provides some physical insight through an inspection of the 
values corresponding to the specific circuit elements. What 
is more, it can be implemented to avoid the employment of 
any numerical inverse Laplace transform in the code, which 
may suffer either from inaccuracies, as a result of a numerical 
truncation of the time-domain response, or from extremely 
poor computational performance if the complete response 
is considered, because of the large number of calculations 
required by the convolution operator. By employing the RLC 
equivalent circuit model (Pantoja et al. 2012), the contribution 
of each term can be carried out numerically by a trapezoidal 
integration or a finite difference approximation of the equiva-
lent circuit response.

Electromagnetic scattering or radiation problems involv-
ing carbon nanotubes can also be solved based on an EFIE. 
Carbon nanotubes usually have a reduced radius/length ratio 
and, at those frequencies in which the axial current is much 
larger than its azimuthal counterpart, they can be effectively 
modeled using a thin-wire approximation. This thin-wire 
approach can also be simplified for achieving high compu-
tational efficiency by considering a particular case of the 
exact Green’s function usually referred to as the approximate 
or reduced kernel. This simplification takes advantage of the 
cylindrical symmetry of the sources and avoids the singulari-
ties that arise in the general case, by treating the total current 
as a filament on the wire axis and enforcing the boundary 
condition on the wire surface. The use of this approach leads 
to a modified frequency-domain form of Pocklington’s EFIE 
in a vacuum (Harrington 1993)
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while the corresponding time-domain EFIE is given by 
(Miller 1980)
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where 
�
I  represents the unknown current along the arclength 

C′ of the thin-wire embedded in a vacuum, and t′ = t − (R/c) 
accounts for the retarded time between the source and field 
point. It bears remarking that Equations 24.51 and 24.52 are 
not valid in the upper part of the visible spectrum, where the 
axial current no longer dominates because the skin effect 
begins to become appreciable (Hanson 2006). For such cases, 
simulations of carbon nanotubes can be made by employing 
Equations 24.46 and 24.47.

Results are presented for a carbon nanotube-based dipole, 
modeled in the terahertz regime with an RL equivalent circuit 
corresponding to the Drude model of the intraband conduc-
tivity. The total length L of the dipole is 20 μm, with a wire 
radius of 2.712 nm. Figure 24.13 displays the results for the 
input impedance over a range of frequencies up to 1 THz. 
These results demonstrate good agreement between the fre-
quency-domain and time-domain EFIE solutions, and they 
are consistent with other published results (Hanson 2005). 
Taking into account the length of the dipole, these results 
confirm the existence of resonances at lower frequencies in 
carbon nanotube dipoles compared to their perfect electric 
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FIGURE 24.12 An equivalent circuit representation of the 
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conductor (PEC) counterparts of the same length, assuming 
that they could exist in this range of frequencies. The reason 
for this fact is found in the slower velocity of the propaga-
tion of waves for the carbon nanotubes compared to the PEC 
wire. This effect can be analyzed by depicting a space–time 
representation of the currents along the antenna. Figure 24.14 
shows the currents along the carbon nanotube dipole as a 
function of temporal (X axis) and length (Y axis) intervals, 
where the formation of lower frequency resonances can be 
observed, mainly due to the inductive propagation of car-
riers at these frequencies. The electric current reaches the 
ends of the antenna, forming a traveling wave, which returns 
to the feeding point (at ~5000 time intervals), correspond-
ing to the lowest resonant frequency of 0.24 THz shown in 
Figure 24.14.

24.4 CONCLUSIONS

This chapter describes a highly efficient and accurate numeri-
cal technique for simulating electromagnetic wave interac-
tions with graphene and carbon nanotubes in the terahertz, 
near-infrared, and optical regimes. The methods presented 
are intended for implementation in research and commer-
cial software, and for this reason efficient formulations were 
developed based on equivalent constitutive parameters. The 
chapter begins by describing the electronic properties of 

graphene with a semiclassical procedure of quantum mechan-
ics, known as first quantization, in which carbon atoms are 
considered by using quantum wave functions and the electro-
magnetic field is treated classically. As a result, isotropic con-
ductivity models that include interband and intraband effects 
were presented, which cover both the terahertz and optical 
regimes. The second part of the chapter introduces a meth-
odology to account for graphene materials in two of the most 
widely employed algorithms in computational electromag-
netics, the finite-difference time-domain, and the method-
of-moments formulations. Special attention has been paid 
to include the complementary time-domain and frequency-
domain formulations, because both of them can be useful 
for simulating complex environments or for modeling the 
unusual physical properties exhibited by graphene and carbon 
nanotubes. Results have been included, which illustrate both 
time-domain and frequency-domain responses in the tera-
hertz, near-infrared, and optical regimes, paving the way for 
the exploration of a new generation of micro- and nanoscale 
electromagnetic devices.
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25 Design and Properties of Graphene-
Based Three Dimensional Architectures

Chunfang Feng, Ludovic F. Dumée, Li He, Zhifeng Yi, 
Zheng Peng, and Lingxue Kong

ABSTRACT

This chapter presents a comprehensive overview on the most 
recent advances in the formation of graphene-based three-
dimensional (3D) architectures. Composite 3D graphene 
materials were combined with other nanomaterials such as 
carbon nanotubes or metal/metal oxide nanoparticles and 
incorporated across organic or inorganic matrices to produce 
high-performance materials of highly diverse structures and 
morphologies applicable to an extended range of potential 
applications. The fabrication routes, structures, and main 
properties of the 3D architectures, including electrochemi-
cal properties, thermal stability, and mechanical properties 
will be presented and critically analyzed. The potential of 
graphene-based 3D architectures in strategic areas such as 
electrodes, sensors, energy storage, catalysts, and biomedical 
applications will also be discussed.

25.1  INTRODUCTION

Graphene-based materials, as novel two-dimensional (2D) 
nanomaterial networks [1], have attracted tremendous interest 
since the early 1990s for their outstanding electric and ther-
mal conductivity, high mechanical properties, and nearly fric-
tionless surface properties [2–4], providing new insights into 
corrosion control, separation, mechanical engineering, and 
electronics miniaturization [1–9]. The superior electrochemi-
cal properties of graphene originate from the hexagonal crys-
talline sp2 carbon structure and offer outstanding electrons 
and phonons transport capacities up to 15,000 cm2 V−1 s−1 
[1] at room temperature while being theoretically 100 times 
mechanically stronger than steel [10].

The fabrication of purely graphene-based electrochemical 
devices solely from graphene sheets is a difficult task due to 
issues arising from the agglomeration of graphene platelets 

CONTENTS

Abstract ..................................................................................................................................................................................... 375
25.1 Introduction ..................................................................................................................................................................... 375
25.2 Carbon-Based Single-Phase 3D Architectures ................................................................................................................ 376

25.2.1 Graphene Foams .................................................................................................................................................. 376
25.2.1.1 Growing Graphene Foams with CVD .................................................................................................. 379
25.2.1.2 Formation of Graphene Foams from GO.............................................................................................. 380

25.2.2 Carbon Nanotube Webs, Bucky-Papers, and Yarns ............................................................................................ 382
25.3  Graphene-Based 3D Composites ..................................................................................................................................... 384

25.3.1 Graphene and CNTs ............................................................................................................................................ 384
25.3.1.1 In Situ Growth of Graphene and CNTs ................................................................................................ 384
25.3.1.2 Solution Mixing of CNTs and Graphene .............................................................................................. 388
25.3.1.3 Layer-by-Layer Self-Assembly of Graphene and CNTs ....................................................................... 388

25.3.2 Graphene and Metals/Metal Oxide Nanoparticles .............................................................................................. 389
25.3.2.1 In Situ Synthesis of Metal/Metal Oxide Nanoparticles on Graphene .................................................. 389
25.3.2.2 Electrostatic Self-Assembly of Graphene and Metal/Metal Oxide Nanoparticles ............................... 389

25.3.3 Graphene and Polymers ....................................................................................................................................... 390
25.3.3.1 Graphene-Based Polymer Nanowires ................................................................................................... 392
25.3.3.2 Graphene-Based Polymer Hydrogels .................................................................................................... 392
25.3.3.3 Graphene-Based Polymer Template Remove ........................................................................................ 393

25.4 Carbon Nanotube-Based 3D Composites ........................................................................................................................ 393
25.5  Conclusions ...................................................................................................................................................................... 396
References ................................................................................................................................................................................. 396



376 Graphene Science Handbook

during processing of graphene suspensions [11] and typically 
leads to lower-than-predicted properties to the lack of cova-
lent bonds between individual sheets [12]. Therefore, in order 
to expand the applications of graphene into other technologi-
cal frontiers, continuous 3D graphene structures have to be 
designed [13–17]. To date, strategies to fabricate 3D graphene 
architectures have been successfully demonstrated (Table 
25.1). Among these architectures, 3D graphene structures 
consisting of a single continuous graphene phase have been 
successfully synthesized through chemical vapor deposition 
(CVD) or reduction of graphene oxide (GO). These routes 
lead to the formation of pure graphene materials, such as gra-
phene foams (GF) [13,18–24]. Carbon nanotubes (CNTs), on 
the other hand, which are made of rolled up graphene planes, 
share most of the outstanding properties of pure graphene 
sheets. The preparation of 3D self-supporting CNT macro-
structures, such as CNT yarns, webs, or bucky-papers (BPs) 
has also been the focus of intense research to fully take advan-
tage of the natural properties of these carbon-based materi-
als [12,25–30]. Carbon-based CNT yarns, webs, and BPs 3D 
structures have, for instance, been used as actuators [31,32], 
electrical wires and cables [33], membranes or reinforcements 
in conductive textile composites [34].

The development of 3D graphene architectures also offers 
an outstanding opportunity to improve current interfaces 
between electrically conductive and mechanically reinforc-
ing phases within composite structures [2,4,35,36]. An alter-
native route to generate 3D graphene-based composites is 
to assemble graphene or GO sheets with CNTs to form 3D 
macro-structures by in situ growth, self-assembly or filtration 
solution. This process can be easily scaled-up to form light-
weight functional materials, which are mechanically robust 
and highly electrically conductive. The porosity, thickness, 
and density of these materials may also be easily controlled 
by varying the morphology of the graphene nanomaterial 
building blocks [9,12,37–42]. 3D graphene and CNT hybrid 
electrodes were used, for instance, as sensors to detect dopa-
mine with a high sensitivity of 471 mA/Mcm2 [24], among 
the highest sensitivity thresholds ever produced. It was also 
demonstrated that graphene and CNT materials were promis-
ing 3D structures for solar cells [43,44], fuel cells [39,45], and 
flexible conductors [14,46].

Graphene-based 3D composite nanostructures were also 
prepared through integration of minute amounts of metal 
or metal oxide nanoparticles (NPs) at the interface between 
the graphene nano-building blocks. These hybrid graphene 
composites were synthesized through doping, in situ growth 
or electrostatic adsorption, to effectively enhance the spe-
cific surface area, conductivity, and mechanical stability of 
the incorporated graphene sheets [21,47]. The adsorption of 
metal or metal oxide NPs on the surface of graphene sheets 
can prevent their aggregation and form conductive and cohe-
sive interfaces between graphene sheets [48]. The potential 
of the 3D graphene hybrid architectures were also evaluated 
for sensing and as electrodes integrated across super-capac-
itors and exhibited [17,22,41]. The electrochemical perfor-
mance of the hybrid composites were shown to be higher 

than individual graphene and the inorganic matrix due to the 
higher specific surface area of graphene-based hybrids. The 
theoretical capacitances of the pure graphite and graphene are 
372 and 600 mAh/g, respectively [36]. Graphene sheets, when 
combined with metal oxide NPs, offer enhanced electrical 
capacitances shown to reach as high as 1000 mAh/g opening 
new routes in sustainable energy storage [49]. The improve-
ment of the electrical capacitance is attributed to the special 
3D structures of the graphene, which offer higher specific sur-
face area and better interfaces between the sheets leading to 
higher electrical conductivity. The large specific surface area 
of graphene (up to 2630 m2/g) and the excellent conductivity 
are also very promising for electrochemical sensing applica-
tions [36].

Graphene architectures have also been incorporated into 
polymer matrices in order to improve the electrochemical 
properties, flexibility, and thermal stability of the bare poly-
mers [50,51]. Connectivity between graphene nanomaterials 
or between graphene and their reinforcing additives or sur-
rounding matrix are challenging issues that must be solved 
in order to fully benefit from the natural pure graphene prop-
erties [52]. Building organized 3D architectures by incor-
porating graphene into functional polymers has also been a 
frontier as 3D graphene-based polymer skeleton provides an 
ideal platform toward strong mechanical strengths, superior 
thermal stability and flexibility, and fast electron transport 
kinetics [3,7,35,51–54]. High graphene loadings within these 
composite materials have led to very promising structures in 
electronics devices, energy storage, sensors, catalysts, bio-
medical applications, water purification, and composite rein-
forcement [3,7,35,51–54].

In this chapter, the different fabrication routes to prepare 
3D graphene-based architectures will be presented. The prop-
erties of these novel meta-materials either made of a unique 
graphene phase or composed of graphene nano- or macro-
particles in a composite will be described and the prospects 
of their potential in day-to-day applications be critically dis-
cussed in light of recent scientific developments.

25.2   CARBON-BASED SINGLE-PHASE 
3D ARCHITECTURES

In this section, the most recent progress in graphene-based 
3D structures including GF, graphene hydrogels, porous gra-
phene composites and CNT webs, bucky-papers, and yarns 
have been generally summarized in Figure 25.1. The methods 
to fabricate 3D graphene architectures such as in situ growth, 
freeze drying, spinning, vacuum filtration, solution mixing, 
self-assembly, and template removal has been extensively 
studied and properties related to the structures are briefly 
introduced.

25.2.1  Graphene foams

So far, single-phase graphene 3D architectures have been 
obtained either by direct in situ growth of graphene [18] or 
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derived from GO sheets [22]. Although in situ growth pro-
cesses, such as CVD, provide graphene of high purity and 
crystallinity, the yield of these techniques is typically low [6]. 
However, low-grade graphene could be mass produced from 
the reduction of GO [72]. Freestanding 3D GFs are the most 
studied structure to date. GF are alveolus-like graphene semi-
porous frameworks made of interconnected nano to macro 
pores [19]. The structure of GFs particularly offers superior 
prospects within the field of electrochemical processes and 

separation [18,24] for its high specific surface area, strong 
mechanical properties, and porous nature. The detailed 
description and comparison of the methodologies to fabricate 
3D GFs will be presented in this section.

25.2.1.1  Growing Graphene Foams with CVD
The processing of highly crystalline 2D defect-free graphene 
sheets has been extensively performed by CVD on flat metal-
lic foils, such as copper [73,74]. An alternative to these flat 

Graphene
bucky-paper

Graphene hydrogel

Graphene foams

Carbon nanotubes

CNTs
CNTs

CNTsGraphene sheets

Graphene sheets

Graphene sheets

Graphene sheets

Graphene and polymers

Polymer particles

Carbon nanotube
based 3D composites

1D CNTs or 3D CNT webs, BPs and yarns
and metal/metal oxide NPs or polymers

Polymer template remove
Hydrogel

Water GrapheneGrapheneGraphene

Polymer hydrogels
Polymer nanowire

Polymer nanowires

Metal/metal oxide
nano-particles

Graphene and
metals/metal oxide

nano-particles

Graphene

CNT forests
In situ growth In situ growth

Graphene and CNTs

Layer-by-layer
self-assembly

Solution mixing

Yarns

Bucky-papers

Webs

Derived from
graphene oxide

Composites

Graphene-based
3D composites

Graphene-based
3D architectures

Derived from
chemical vapor

deposition

Single phase

Metal template
remove

FIGURE 25.1  Summary of graphene-based 3D architectures.
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substrates were recently investigated in the form of porous 
metal foams [13], allowing for the growth of a continuous 
uniform 3D graphene network on the surface of the metallic 
foam. GFs were produced on preformed foam templates, such 
as nickel (Figure 25.2) [13]. Preformed nickel foam sheets 
were inserted into a quartz tube and heated to a high tempera-
ture under Ar and H2 environment to remove oxides formed 
on the surface of the nickel foam. Carbon sources, such as 
ethanol or methane, can then be introduced into the quartz 
tube at atmospheric pressure, to provide necessary carbon 
feed-stock precursor to the CVD growth [75]. After several 
minutes of reaction, the samples were quickly cooled to ambi-
ent temperature and were ready for the next step—etching 
nickel foam with FeCl3 or HCl. To prevent the structural col-
lapse of GF during etching process, a small amount of poly 
(methyl methacrylate) (PMMA) solution was needed to coat 
the nickel foam grown with graphene (Ni-GN) and dried as a 
protective film. Then, the Ni-GN sample coated with PMMA 
(Ni-GN-PMMA) was put into a hot HCl or FeCl3/HCl solu-
tion until the nickel layer was completely etched. PMMA 
was finally dissolved with acetone to obtain freestanding 3D 
porous GFs [13].

Pore size, porosity, and morphology of the GFs are directly 
related to these of the initial porous nickel foam template 
(Figure 25.3a). In addition to its naturally high porosity and 
pore interconnectivity, nickel foam is a commonly used tem-
plate to assist in the construction of 3D GF [19]. Since CVD-
grown GFs are high crystalline, their conductivity is similar to 
that of otherwise flat graphene sheets and in the order of 10 S/
cm [20]. These GFs exhibit superior electro-chemical prop-
erties and can be used as advanced sensing and capacitance 
platforms [18]. Dong et  al. [18] grew graphene on a nickel 
foam template via CVD to fabricate 3D GFs (Figure 25.3b) 
and compared the electrochemical performance of glassy car-
bon (GC) with 3D GF. Cyclic voltammograms obtained on 
these samples showed that the resistance of the GF (~20.7 Ω) 
is up to 3 times lower than that of traditional GC electrodes 
(~69.7 Ω), primarily due to a greater specific surface area of 
the exposed graphene, opening the route to the production of 
higher current density electrodes with applications for high 
sensitivity molecular sensing.

25.2.1.2  Formation of Graphene Foams from GO
Single-phase 3D graphene architectures can also be syn-
thesized through a thermo-chemical process without the 
assistance of any template by reducing the preformed GO 
BP. During a leavening process [22], GO BPs were thermo-
chemically reduced with hydrazine monohydrate in an auto-
clave at 90°C (Figure 25.4a). Hydrazine monohydrate is a 
strong reducing agent, which can reduce functional groups 
on the surface of GO and simultaneously condense adjoining 
carbon atoms from sp2 to sp3 crystalline structures. H2O gas 
and CO2 are released during the reduction process in which 
the GO layers are exfoliated and diffused into the compact 
GO BP. The combined exfoliation and gas diffusion lead to 
the formation of macro-pores across the structure. It can be 
seen that although GO films are made of tightly stacked lay-
ers and have a smooth surface (Figure 25.4b), leavened GFs 
present a very rough surface as well as loose macro-structure 
(Figure 25.4c). This leavening phenomenon leads to large 
expansion between graphene sheets and to the formation of 
macro-porosity for pore size ranging of sub-micrometer to 
several micrometers.

Alternatively, single-phase 3D graphene architectures 
were processed by thermal or chemical reduction of GO in 
solution followed by freeze-drying [61,76–78]. This technique 
produces a stable, rough, and highly porous and sponge-like 
structure [79]. The sponge-like graphene is obtained by direct 
sublimation of the solvent, typically water, from the frozen 
GO suspension. The size and shape of obtained 3D graphene 
architectures can be controlled by changing the volume and 
shape of the initial containers. For example, a cylindrical and 
spherical 3D graphene sponge could be formed by using con-
tainers of different shapes (Figure 25.5). The single-phase 
3D graphene architectures fabricated by this technique [61] 
have strong mechanical properties and can support more than 
14,000 times their own weight under compression and a high 
specific capacitance of 128 F/g.

GFs have also been prepared through nucleate boiling of 
rGO [23]. The resulted GFs can be synthesized on any sub-
strate without etching process, making it very competitive 
when compared with CVD growth. Partially reduced rGO 
sheets were stacked onto a substrate such as silicon wafer prior 

Ni + Graphene
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Ni + Graphene

Graphene + PMMA

Dissolving of
PMMA Ni etching

Ni foam

Coated with PMMA

Graphene foam

CVD growth of
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FIGURE 25.2  Flow-chart of synthesis process of freestanding GF by CVD.
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GO film “Leavening”

1 μm
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(c)

2 μm

rGO Foam

FIGURE 25.4 Schematic of the leavening process to form GFs from GO BP (a) and SEM images of cross section of GO (b) film and 
GF (c). (Niu, Z. et al.: A leavening strategy to prepare reduced graphene oxide foams. Advanced Materials. 2012. 24. p. 4144–4150. 
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)
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Preparation of novel 3D graphene networks for supercapacitor applications. Small, 2011. 7(22): p. 3163–3168.) (b) Cyclic voltammograms 
of GC and 3D GF. (Dong, X. et al.: 3D Graphene foam as a monolithic and macroporous carbon electrode for electrochemical sensing. CS 
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to being placed onto a plate-heater (Figure 25.6a). During the 
heating process, boiled water bubbles were formed at the 
interface between the layers of stacked rGO. With the help 
of condensation between adjacent carboxylic groups remain-
ing on the partially rGO, porous architectures can therefore 
be obtained by varying the evaporation rate, exposed surface 
area, and time of exposure to the boiling water (Figure 25.6b). 
The properties of pure graphene can be largely recovered 
by further reducing or annealing the rGO once the desired 

structure is formed (Figure 25.6c). The advantage of this 
method is low cost, low energy consumption, and universal 
adaption on various substrates (glass, copper foil, and PDMS). 
More importantly, the final products possess high conductiv-
ity (11.8 S/cm) and low resistance (91.2 Ω m) compared to that 
of graphene (10 S/cm) obtained by CVD [23].

GFs as a novel graphene-based 3D architecture have been 
fabricated through two main techniques and offer excellent 
platforms to produce complex graphene textures. CVD-grown 
GFs offer an electrical conductivity very similar to graphene 
sheets and have versatile morphology by simply changing the 
original foam template. The drawbacks of the CVD method, 
however, lie in its high capital and operational costs, and low 
production throughput. However, GFs derived from thermo-
chemical reduction of GO is highly cost-effective and a cer-
tain control of the degree of reduction is possible, opening 
the route of prefunctionalized GF structures. One drawback 
of this reducing method is that the structure of reduced GFs 
is more likely random, leading to high defect contents, which 
limits the final electrical conductivity of the structure.

25.2.2   carBon nanotuBe weBs, Bucky-papers, 
and yarns

Promising self-supporting 3D architectures made of solely 
CNTs were fabricated in the form of CNT webs, yarns, 
and BPs. These structures have been considered for a range 

FIGURE 25.5 Photos of different shaped single-phase graphene 
3D architectures by reduction of GO follows with a freeze-drying 
process. (Tang, Z. et al.: Noblemetal-promoted three-dimensional 
macroassembly of single-layered graphene oxide. Angewandte 
Chemie. 2010. 122. p. 4707–4711. Copyright Wiley-VCH Verlag 
GmbH & Co. KGaA. Reproduced with permission.)
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(Reprinted by permission from Macmillan Publishers Ltd. Sci. Rep., Ahn, H.S. et al., Self-assembled foam-like graphene networks formed 
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of applications, including sensors [27,80,81], membranes 
[63,82,83], actuators [84], composites [28,85], advanced tex-
tiles [65], and biological scaffolds [30].

CNT webs can be typically drawn from spinnable CNT 
forests to form thin, highly aligned CNT materials [86]. On 
the other hand, CNT yarns can be formed either via wet-spin-
ning of a CNT suspended solution or by directly dry-spinning 
webs of CNTs. The first route involves dispersing or dissolv-
ing the CNTs into acidic solutions or surfactants followed by 
wet-spinning into fibers [26,87,88]. The second approach is 
a solid state process where the CNTs are directly spun from 
either a spinnable forest of CNTs [25,66,64,89,90,91] or at 
the outlet of a CVD reactor [92–94]. The CNTs across these 
yarns hold together through van der Walls forces and local 
twist/entanglement, providing outstanding mechanical stiff-
ness with high breaking stresses of up to 2 GPa [90,95–99]. 
Their mechanical stability enables the fabrication, by knitting 
or weaving, of highly organized micron-sized architectures 
made solely of CNTs [25,90].

CNT BPs generally refer to a mat of randomly entangled 
CNTs generally prepared by vacuum filtration [17,18]. CNTs 
within the webs and BPs are held together through strong 
van der Waals interactions, leading to a cohesive and highly 
porous structure [82]. Although BP properties are highly 
dependent on the type and morphology of CNTs used and 

on the processing conditions, they have been shown to (i) be 
mechanically robust and flexible with bulk modulus of up to 
~1 GPa [83,100], (ii) have high thermal and chemical stabil-
ity, (iii) exhibit outstanding porosity between 70% and 91% 
[27,29,82], and high specific surface area of up to 2200 m2/g 
[83,101]. They are also simpler and cheaper to fabricate and 
offer an ideal platform for the incorporation of other additives 
and polymers. These properties make BPs, made of solely gra-
phene material, a promising material for sensors [27,81], elec-
trodes [102], separation [63,82,83], and composites [85,103]. 
The properties of these self-supporting CNT architectures are 
highly dependent on their internal structure [28,29,82,83].

Although naturally dense, CNT webs can be further den-
sified by solvent evaporation enhancing CNT–CNT interac-
tions, which further increases the webs electrical conductivity 
by up to 30% [62]. Self-supporting web structures as thin as 
~100 nm were successfully prepared, corresponding to less 
than 10 CNTs in cross section (Figure 25.7).

The structure, CNT interspacing, and porosity of CNT 
yarns were revealed by focus ion beam milling (FIB) and 
subsequent SEM imaging (Figure 25.8). A clear core-sheath 
arrangement is observed for this yarn with a receding gradi-
ent of CNT packing density from the center to the surface of 
the yarns. Close to the surface, the CNT bundles are easily 
resolved with porosity close to 70% while at the yarn center, 

(a)

(d)(c)

(b)

10 µm

30 µm 1 µm

10 µm

FIGURE 25.7  CNT alignment within CNT bucky-ribbons formed from (a, b) 50 layers of stacked CNT web densified with acetone, and 
(c, d) 5 layers of CNT web densified with acetone. The thickness of the web in (d) is <100 nm thick corresponding to 8–10 CNTs in cross 
section. (Reprinted from Progress in Natural Science: Materials International, 22(6), Dumée, L. et al., In situ small angle X-ray scattering 
investigation of the thermal expansion and related structural information of carbon nanotube composites, p. 673–683, Copyright 2012, with 
permission from Elsevier.)
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bundles merge into near-single block matrix with very low 
porosity, close to 10%. The versatility of this process offers 
great perspective to prepare macro-structures made of nano-
textured architectures with precise porosity, specific surface 
area and controlled symmetry [104].

Asymmetric CNT yarn structures were also prepared by 
rub densification of CNT webs [105]. Rub-densified yarns are 
formed by drawing the CNT web through two padded rollers, 

which rotate and move laterally (Figure 25.9). Different from 
the direct spinning technique, highly asymmetric structures 
with high packing density sheath and a low density core were 
formed. The modulus of these twistless yarns was found to 
be of 41 GPa [105] against the 14 GPa [104] obtained for 
the standard spinning process. This great improvement was 
attributed to the greater packing density and lower twist.

CNT BPs exhibit extremely high porosities, up to 90%, and 
offer a cheaper alternative to prepare webs and yarns as they 
can be processed from any type of CNTs and do not require 
specific spinnable CNTs. As shown in Figure 25.10, the poros-
ity and CNT arrangement across BPs prepared from differ-
ent CNTs can be readily accessed by Ga ion-FIB milling of 
sections. The BPs shown in Figure 25.10, were processed by 
vacuum filtration from suspensions consisting of thin (~10 nm 
diameter) CNTs, thick (~50 nm diameter) CNTs, or a mixture 
of the two (1:1 ratio) [106]. Clearly, the type of CNTs used 
affects the BP porosity and structure. Interestingly, as seen in 
Figure 25.10c and d, a layered structure was formed for the 
mixture, and may indicate inhomogeneous mixing or differ-
ent settling process during the filtration process.

25.3  GRAPHENE-BASED 3D COMPOSITES

3D graphene-based architectures can be directly processed 
from graphene or by assembling and linking reduced gra-
phene oxide (rGO) sheets through covalent or non-covalent 
interconnection with other materials such as NPs, nano-
tubes, and polymers. GO is a simple and cheap precur-
sor to synthesize graphene, which essentially consists of 
a process of dehybridizing exfoliated graphene sheets. A 
number of surface functional groups including carbonyl, 
epoxy, or hydroxyl can be present on their surface, on the 
sites of defects across the crystalline graphitic planes [107]. 
Although these functional groups provide potential reac-
tive sites for further surface functionalization and further 
particulate interactions, their presence may sharply reduce 
the electronic and thermal conductivity when compared to 
pristine graphene [108,109]. For this reason, the overview of 
synthesis routes of graphene-based 3D structures along with 
the properties related to these structures will be presented in 
the following contexts.

25.3.1  Graphene and cnts

The fabrication of graphene/CNT composites has been 
reported through a number of strategies and shown to be 
promising for the design of supercapacitors [110], electro-
chemical sensors [111], and fuel cells [39].

25.3.1.1 in Situ Growth of Graphene and CNTs
The in situ CVD growth of either graphene layers on the 
surface of CNTs [112,113] or CNTs on the surface of gra-
phene sheets [37,67,114] has been reported as a viable route 
to combine these two forms of carbon materials. Complex 3D 
networks were fabricated by either growing graphene sheets 
on the top of vertically aligned CNTs [113] while leaf-stem 

(a) 5 mm−1

(b) 10 mm−1

(c) 15 mm−1

(d) 20 mm−1

(e) 25 mm−1

FIGURE 25.8  SEM images of FIB sections milled through CNT 
yarns with a series of twist densities. The left image corresponds 
to the whole cross section (scale bar represents 5 μm) while higher 
magnification images were taken at the yarn center on the right 
images (scale bar represents 500 nm). (Reproduced with permission 
from Sears, K. et al., Carbon, 2010. 48: p. 4450–4456.)
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structures, where graphene sheets acted as nano-leaves onto 
CNTs (Figure 25.11a and b) [112].

The in situ growth of CNTs onto graphene sheets was also 
found to exfoliate graphene sheets and prevent the restacking 
of graphene into graphite [37]. The deposition of the catalyst, 
onto the surface of GO sheets, used for the CNT growth was 
assisted by microwave to achieve an even and homogeneous 
coating and the GO sheets were thermally reduced into rGO 
during the CNT growth. The length of CNTs used [37] was 
from 0.2 to 3 μm. When applying this composite as anode in 

Li-ion battery, the results showed that graphene/CNT com-
posite with the shorted CNT length (0.2–0.5 μm) possessed 
higher reversible capacities of 573 mAh/g and 520 mAh/g at 
low and high constant current, respectively, than those with 
other lengths (below 500 mAh/g and 400 mAh/g). Another 
study [114] employed CVD to process 3D pillar-shaped gra-
phene/CNT composite as electrode materials, which indicates 
similar relationship between the length of CNT and specific 
capacitance. When finely controlling the length of CNTs 
grown on the surface of graphene sheets, the length of CNT 

(f )(e)

(d)(c)

(b)(a)

3 μm

1 μm500 μm

10 μm

10 μm 10 μm

FIGURE 25.9  FIB-milled cross-sections of rub-densified CNT yarns (a–c) SEM images of FIB-milled yarn cross sections. (d and e) SEM 
images of high CNT density areas. (f) SEM images of large voids in the yarn core. (Reprinted from Carbon, 50, Miao, M. et al., Production, 
structure and properties of twistless carbon nanotube yarns with a high density sheath., p. 4973–4983, Copyright 2012, with permission 
from Elsevier.)
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was directly proportional to the pyrolysis time (Figure 25.12a, 
b, and c). The length of CNTs grown on the graphene was 
controlled by adjusting the growth time and concentration 
of feedstock gas (Figure 25.12d). The length of CNT is from 
5 up to 23 μm. The capacitance of the composite graphene/
CNT was also found to be related to CNT length [114], with 
the CNT length of 10 μm offering a specific capacitance of 
1400 F/g that is much higher than that of 20 μm CNT length 
(1050 F/g). These two observations illustrate a broad range of 

CNTs grown on graphene sheets from 0.2 to 23 μm, which 
really provides other researchers with a good reference to 
achieve desired conductive properties by controlling the 
length of the CNTs.

Apart from the above studies, the arrangement of the CNT 
arrays on graphene sheets can also be regulated by poly-
meric template. Block copolymer can form uniform and well-
ordered nanoporous structure, which can assist the growth 
of CNTs in a controllable manner. Lee et al. [42] reported to 
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FIGURE 25.10  Revealing porosity of bucky-papers processed from (a, b) thin (~10 nm diameter) CNTs (c, d) a mixture of thin (~10 nm 
diameter) and thick (~50 nm diameter) CNTs, and (e, f) thick (~50 nm diameter) CNTs. The degree of dispersion is clearly visible from 
the SEM cross section as a layered structure is formed within the mixture suggesting inhomogeneous CNT mixing. (Reprinted from 
Journal of Membrane Science, 351(1–2), Dumee, L.F. et al., Characterization and evaluation of carbon nanotube bucky-Paper membranes 
for direct contact membrane distillation, p. 36–43, Dumée, L. et al. ICOM08. In ICOM08. Preparation of Carbon Nanotube Bucky-Paper 
Memrbanes for Desalination by Membrane Distillation, Honolulu, Hawaii, USA, copyright 2010, with permission from Elsevier.)
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grow CNTs onto stacked GO platelets under a mixed gas of 
C2H2/H2/NH3 by PE-CVD in a nanoporous polymer template. 
The specific process and the SEM images of the diameter of 
CNTs and well-structured CNT arrays are presented in Figure 
25.13. First, a GO solution was coated on a SiO2 substrate fol-
lowed by patterning catalysts on dried GO surface with the 

assist of nanoporous template, and then vertically aligned 
CNTs were grown at the catalyst points at a high temperature 
of 600°C. This process will benefit the circuit manufacturer 
due to the tunable structure and pattern of CNT arrays on gra-
phene sheets, which is an obvious advantage to the randomly 
grown CNTs. The underlying GO layer was finally thermal 
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50 nm
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FIGURE 25.11  (a) SEM image of graphene sheets grown on vertically aligned CNTs; the inset is a TEM image of the tip of a graphene/
CNT, and (b) a close view of the graphene/CNT tip in panel (c). (Reproduced with permission from Yu, K. et al., The Journal of Physical 
Chemistry Letters, 2011. 2(13): p. 1556–1562.)
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of tunable 3D pillared carbon nanotube-graphene networks for high-performance capacitance. Chemistry of Materials, p. 4810–4816. 
Copyright 2011 American Chemical Society.)
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reduced to graphene at this high temperature and the elec-
trical conductivity of these carbon hybrids was restored to 
around 18 S/cm. Such a flexible and conductive film can be 
directly transferred to any substrate and is readily integrated 
into a field-emitting device.

25.3.1.2  Solution Mixing of CNTs and Graphene
Although intrinsically hydrophilic due to the presence of car-
boxylic or alcohol groups on GO, CNTs can conjugate with 
graphene onto hydrophobic areas by π–π interactions [38]. 
GO, which is easily dispersible in water, can therefore, act-
ing as a surfactant, play a role in suspending CNTs in aque-
ous solutions. A proportional relationship between the GO 
concentration in solution and the CNT solubility was dem-
onstrated [38], with lower GO concentration leading to worse 
CNT dispersion (Figure 25.14a and b). 3D graphene and CNT 
conductive networks were successfully synthesized by using 
this simple solution mixing method [17]. The results reveal 
that graphene sheet (GS)/CNT weight ratio of 9/1 can prevent 
restacking of RGO and form a porous network, while further 
addition of CNTs only leads to severe CNT clustering and 
aggregation. This is likely due to the fact that large amount of 
CNTs (7/3, 5/5, and 3/7) tends to form CNT bundles without 

efficient space to disperse. The impact of the CNT aggrega-
tion on the electrical properties can, in turn, be seen in the 
measurement of specific current (Figure 25.14c). The GS/
CNT ratio of 9/1and 8/2 possess even higher specific current 
than other composite with the ratio of 7/3, 5/5, and 3/7 and 
even higher than reduced GO. This could benefit from the 
synergistic effects between graphene and CNT [9].

25.3.1.3   Layer-by-Layer Self-Assembly 
of Graphene and CNTs

LBL has also been used to prepare graphene/CNT composites. 
GO particles are negatively charged in water due to the pres-
ence of carbonyl and hydroxyl groups on its surface. Therefore, 
negatively charged GO can absorb positively charged func-
tionalized CNTs, such as amine-functionalized CNT (Figure 
25.15a), by LBL self-assembly [12]. Alternatively, 3D gra-
phene/CNT films were also prepared by grafting positively 
charged poly(ethylene imine) (PEI) onto graphene and nega-
tively charged CNTs (Figure 25.15b) [115].

1D (CNTs) and 2D (graphene) nanomaterials have been 
integrated to form 3D graphene architectures. The solution 
mixing methods are simple routes to fabricate cheap and 
mechanically strong structures by simply altering the ratio 
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between graphene sheets and CNTs, while the in situ growth 
of CNTs on graphene allows for the preparation of well-orga-
nized and structured architectures with preferential electrical 
and mechanical anisotropy.

25.3.2   Graphene and metaLs/metaL 
oxide nanoparticLes

Owing to their sp2 crystalline structure, graphene sheets can 
strongly coordinate with metals [40], opening new routes to 
their decoration with pure metal or metal oxide NPs [79,116–
119]. Metal NPs on the other hand can prevent the aggrega-
tion of graphene sheets and enhance the structural stability. 
The combination of graphene and metals offers perspectives 
to mechanically reinforce graphene BPs and improve the elec-
trochemical properties of the graphene architectures [48,119–
121]. In fact, some of the natural unique properties offered 
by these metal NPs, such as their catalytic activity, can be 
enhanced, owing to the high electron mobility once grown or 
deposited on graphene [121].

25.3.2.1  in Situ Synthesis of Metal/Metal Oxide 
Nanoparticles on Graphene

Gold NPs were, for instance, grown within clusters of gra-
phene sheets dispersed in octadecylamine by chemical reduc-
tion of AuCl4− with NaBH4 [117]. The electronic properties of 

the graphene sheets were shown to stabilize the gold NPs and 
prevent coalescence, leading to a narrow (10–20 nm) and well-
dispersed suspension of gold NPs (Figure 25.16a, b, and c). 
Silver NPs were also grown at 75°C under N2 protection onto 
GO deposited onto silica wafers without the need of reducing 
agents [48]. The synergetic reaction was shown to be sponta-
neous and led to the simultaneous reduction of silver ions and 
GO into silver NPs and graphene, respectively. While being 
reduced, GO provided both the electrons to induce reduction 
of the silver ions and a support for the growth of Ag NPs [48]. 
This synthesis route was clearly demonstrated as silver NPs 
only grew homogeneously (6.0 ± 3.6 nm) on the rGO and 
no nanoparticles were found on the bare silica wafer surface 
(Figure 25.16d and e), illustrating that graphene reduction can 
be used to target other chemical reactions and synthesis in 
one-pot reactions [122].

25.3.2.2   Electrostatic Self-Assembly of Graphene 
and Metal/Metal Oxide Nanoparticles

Electrostatic self-assembly, which relies on the interactions 
between oppositely charged surfaces, appears to be a promis-
ing technique to control the structure and properties of self-
assembled materials [47,71,118,123–126]. With the help of 
electrostatic force, graphene can be assembled onto a variety 
of substrates under a facile condition, which provides more 
combination to the area related to graphene-based materials.
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3D graphene and metal/metal oxide structures have been 
fabricated by electrostatic self-assembly in solution [40,123–
125] and electrostatic layer-by-layer (LBL) self-assembly 
[116,118,126]. Gold NPs were deposited by coupling with cat-
ionic polyelectrolyte poly(diallyldimethyl ammonium chlo-
ride) (PDDA) onto graphene [125]. The hybrid surface was 
modified by adsorbing citrate ions, leading to the assembly of 
a positively charged graphene with negatively charged gold 
Au nanoparticles, which were shown to be very homogeneous 
in size and well dispersed onto the surface of graphene sheets 
(Figure 25.17a). In order to demonstrate the electrochemical 
changes induced by the surface charge shift, glassy carbon 
electrodes were impregnated with either the graphene/gold 
hybrid or the gold NPs and used as a sensor to detect hydro-
gen peroxide in aqueous solution. The results showed that the 
graphene/gold hybrid electrode possesses a higher sensitiv-
ity than the one modified by Au nanoparticles only (Figure 
25.17b), due to synergistic effects of graphene and nanopar-
ticles and the conductive surface between nanoparticles con-
structed by graphene [5].

Electrostatic LBL self-assembly is another way to fabri-
cate 3D graphene/metal oxide composites with highly con-
trollable thicknesses. Multilayer graphene and manganese 
dioxide (MnO2) composite were successfully prepared. 
Poly(sodium 4-styrenesulfonate) (PSS) was first grafted onto 
graphene (PSS-GN) in order to help stabilize the dispersion 
and suspension of naturally highly hydrophobic graphene 

particles in water [126]. In addition, in order to improve the 
electric condition between the LBL deposited films, PDDA 
was used as a positively charged linker between the PSS-GN 
and MnO2 individual layers. The specific capacitance of a ten 
PSS-GN/PDDA/MnO2 layered-structure showed that 90% of 
specific capacity was maintained after 1000 cycles of charge/
discharge, making the graphene hybrid structures promising 
materials for supercapacitors. Although based on weak inter-
actions and generally stable over a narrow range of pH, LBL 
is also very promising for decorating or prefunctionalizing 
graphene 3D structures.

Metal NPs and graphene nanosheets can be thoroughly 
combined to produce discrete but yet uniform graphene metal 
composites. The major advantage of electrostatic self-assembly 
technique is that the structure and properties of graphene and 
metal/metal oxide composites can be altering the processing 
conditions while electrostatic self-assembly provides a sim-
pler and more efficient technique to prepare low cost, but low 
mechanical stability composites. The versatility of this mecha-
nism could lead to the formation of highly conductive and 
mechanically reinforced graphene-based structures that are 
able to smartly incorporate both graphene and metal properties.

25.3.3  Graphene and poLymers

Potential applications of 3D graphene-based polymer compos-
ites are in such fields as electronics devices, energy storages, 
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sensors, catalysts, biomedical applications, water purification, 
and composite reinforcement [3,7,35,50–54,127–129].

The addition of graphene into polymer matrices was ini-
tially targeted at the processing of more mechanically robust 
materials [130]. The graphene particles were dispersed and 
suspended into the polymer phase to form a mixed matrix 
material graphene (Figure 25.18a). Smooth, uniform, and 
flexible GO/Poly(vinyl alcohol) (PVA) composite films were 
processed and exhibited strong mechanical strength (tensile 
modulus ~ 6.1 ± 0.5 GPa as opposed to only ~ 2.1 ± 0.2 GPa 
for PVA alone) [131]. This film was synthesized by mixing 
GO with PVA by vacuum filtration of the aqueous solutions. 
However, a critical issue encountered in this process was the 
irreversible aggregation or restacking of graphene sheets in 
polymer matrix. Thus, the inherent properties of graphene 
sheets cannot be fully transferred to the graphene-based 
polymer macroscopic materials. A number of 3D graphene 
polymer composite macro-structures have been recently 
processed. These structures include porous films, scaffolds, 
and networks, and will pave a way toward high-performance 
graphene-based materials for day-to-day applications. In this 
section, the main strategies for the construction of 3D gra-
phene/polymer architectures are briefly presented: nanowire 
(Figure 25.18b), hydrogel (Figure 25.18c), and polymer tem-
plate removal (Figure 25.18d).

25.3.3.1  Graphene-Based Polymer Nanowires
Hierarchical graphene nanocomposites were previously fabri-
cated by combining 2D GO nanosheets with 1D poly(aniline) 
(PANI) nanowires into a 3D structures (Figure 25.19) [69]. The 
PANI nanowire arrays were grown vertically on GO sheets 
by dilute polymerization. This graphene-based material has 

shown twice higher electrochemical capacitance (555  F/g at a 
discharge current of 0.2  A/g) and higher stability (2000 con-
secutive cycles) than each individual component (227  F/g at a 
discharge current of 0.2  A/g) because of an optimized ionic 
transport pathway, which led to an improved capacitance per-
formance. Hydrogen peroxide was used to improve the growth 
of PANI on GO surface in order not to introduce impurities 
into the composite [132]. This novel composite exhibited high 
specific capacitance and energy density and had good long-
term stability with capacitance retention of 118% of the initial 
value after the 500 cycles, which is much higher than only 
PANI (70%). Poly(pyrrole) (PPy) nanowires have also been 
successfully grown on the surface of GO sheets by in situ 
polymerization of pyrrole monomer in the presence of GO 
suspension [133]. The GO/PPy composites exhibited a pre-
dominant specific capacitance of 633  F/g at current density of 
1  A/g. Mao and coauthors [134] also prepared PPy nanowires 
in the presence of cetyl-trimethyl-ammonium bromide stabi-
lized graphene for high-performance supercapacitor electrode 
(GCR). This GCR/PPy had a higher specific capacitance of 
492  F/g than pure PPy (227  F/g).

25.3.3.2 Graphene-Based Polymer Hydrogels
Hydrogels are networks of polymer chains that are hydro-
philic, which can incorporate with a significant amount of 
water retained in the network structure [135]. Porous 3D 
graphene hydrogel networks were fabricated by assembling 
graphene and a tri-block copolymer PEO-b-PPO-b-PEO 
(F127) with the assistance of α-cyclodextrin (α-CD) [136]. 
The GO-based hydrogels were formed through supramo-
lecular interactions such as hydrogen bonding, coordination, 
electrostatic interaction and π–π stacking [8,137]. Different 
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FIGURE 25.18 Schematic of the main strategies for the construction of graphene-based polymer architectures: (a) mixed matrix, (b) 
nanowire, (c) hydrogel, (d) polymer template remove.
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graphene hydrogel systems have been described in the lit-
erature, including poly(vinyl alcohol) (PVA), poly(sodium 
acrylate) (PSA), poly(vinyl pyrrolidone) (PVP), poly(ethylene 
oxide) (PEO), polydimethyldiallylammonium chloride 
(PDDA), polyethylenimine (PEI), cetyltrimethyl ammonium 
bromide (CTAB), tetramethylammonium chloride (TMAC), 
and block copolymer surfactants such as F127 [70,136–138]. 
These graphene hydrogel systems are attractive due to the 
high surface area-to-volume ratio of the particles [139]. Bai 
and coauthors [70] demonstrated the ability to self-assemble 
GO and PVA into a hydrogel, which can be used for pH-con-
trolled selective drug release. In this system, the formation 
of the hydrogels relies on the assembly of GO sheets and the 
cross-linking of PVA chains. This GO-based PVA hydrogel 
is, however, pH sensitive and can form gels in acidic condi-
tions but remain liquid under alkaline conditions. When the 
concentration of GO is high enough (CGO > 3 mg L−1), a loose 
network instead of an amorphous precipitation can be formed 
[137]. The size of GO sheets also has a large influence on 
GO gelation properties. Micron-sized sheets can easily form 
a stable hydrogel, and no gelation occurs if GO sheets are 
smaller than 1 μm [137].

25.3.3.3 Graphene-Based Polymer Template Remove
Polystyrene (PS) colloidal particles were also used to guide 
the formation of hollow micrometer-sized graphene porous 
structures [140]. The porous structures could be easily con-
structed by dissolving or pyrolyzing the PS colloidal par-
ticles. This template-directed remove method can produce 
a high-order 3D architecture, which has the potential to be 
used in drug release, catalysis, electronics, and biotechnol-
ogy [71,140]. Amine groups grafted PS colloidal particles 

with surface positively charged can easily assemble with 
negatively charged GO by electrostatic interactions [71]. This 
PS template removed 3D graphene structure shows a high 
electrical conductivity of 1083.3 S/m, which is superior to 
graphene-PS composite prepared by solvent blending method 
by 250 times.

25.4  CARBON NANOTUBE-BASED 
3D COMPOSITES

The combination of 1D CNTs, or 3D CNT yarns, webs, and 
BPs to form 3D carbon-based architectures creates a versa-
tile material that can be fully integrated into complex porous, 
hybrid, or composite devices [2,8,51]. Graphene and/or CNTs 
mixed architectures, or composite structures, by combining 
polymer [50,51] or metal/metal oxide NPs [21,47,48] bridges 
to graphene sheets or CNT fibers.

CNT sheets and yarns were also demonstrated to be excel-
lent hosting materials for loading and blending high ratios of 
guest NPs via biscrolling [65]. Using this biscrolling tech-
nique various functionalities such as superconducting yarn 
loaded with magnesium diboride, flexible yarn for Li-ion 
batteries loaded with GO nanoribbons, and photo-catalytic 
yarn loaded with TiO2 particles can be fabricated as seen in 
Figure 25.19 [65]. All of the yarns were formed by twist-spin-
ning a rectangular strip of CNT sheet in either air or liquid. 
The internal structures appear highly complex, and different 
morphologies and porosities can be clearly observed depend-
ing on the additive NPs and processing conditions used. For 
example, as shown in Figure 25.20a and b, a layer of Ti is 
deposited onto the initial CNT sheet by electron beam evap-
oration and a highly porous structure and sheet folding is 
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FIGURE 25.19  Schematic illustration of nucleation and growth mechanism of PANI nanowires: (a) heterogeneous nucleation on GO 
nanosheets; (b) homogeneous nucleation in bulk solution; (c) SEM images of PANI−GO nano-composites. (Reprinted with permission 
from Xu, P. et al., In situ growth of noble metal nanoparticles on graphene oxide sheets and direct construction of functionalized porous-
layered structure on gravimetric microsensors for chemical detection. Chemical Communications, 48(87): p. 10784–10786. Copyright 2012 
American Chemical Society.)



394 Graphene Science Handbook

(a)

(g) (h)

(f )(e)

(d)(c)

(b)

3 μm

10 μm

25 μm

25 μm

25 μm

3 μm

3 μm

3 μm
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FIGURE 25.21  SEM images of BPs-Gold composites formed by electroless deposition of gold within the BP structure. The plating times 
are 1 (a, b), 5 (c, d), 20 (e, f) and 26 (g, h). The SEM images are of the surface (left column) and of cross sections (right column) milled with 
Ga ions in an FIB. All scale bars correspond to 500 nm. (Dumee, L. et al., Activation of gold decorated carbon nanotube hybrids for targeted 
gas adsorption and enhanced catalytic oxidation. Journal of Materials Chemistry, 2012. 22(18): p. 9374–9378. Reproduced by permission 
of The Royal Society of Chemistry.)
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formed. In contrast, a yarn formed with TiO2 powder (Figure 
25.20c and d) shows a less-porous structure and evidence of 
a scroll formation can be discerned [65]. Core-sheath struc-
tures were also achieved through biscrolling as seen in Figure 
25.20d [65].

Composite BPs have also been investigated for various 
applications, such as sensing and separation. FIB milling, per-
formed to reveal the internal structure of these composite BPs, 
is particularly important to gain a better understanding of how 
additives alter the final structure and hence, their properties. 
For example, metal NPs were grown by electroless deposition 
within BPs for targeted gas adsorption and catalytic activity 
[27]. FIB cross sections of these materials showed the forma-
tion of discrete nanoparticles at short plating times (1 h). With 
increasing plating time clustering of Au NPs is observed (5 h) 
until at long plating times (20–26 h) the CNTs are uniformly 
coated with a continuous network of Au (Figure 25.21). This 
progression of Au plating was also used to confirm the poros-
ity and pore size experimentally obtained for the Au-plated 
BPs by He-porosimetry and perm-porometry, respectively.

25.5  CONCLUSIONS

The design and formation of graphene-based 3D architec-
tures offer highly promising insights in electrochemical, bio-
medical, separation, and advanced composite areas. These 
3D architectures, composed of either single phase graphene 
such as GFs and graphene hydrogels or of graphene-based 
composites, offer highly versatile morphologies and tunable 
properties due to their potentially high specific surface areas 
and synergistic effect with another phase. The key potential 
applications of the graphene-based 3D architectures include 
flexible electronics, chemical adsorption and separation and 
low weight composite materials with advanced thermoelec-
trical properties. Although 3D graphene-based architectures 
offer outstanding opportunities in materials and engineering 
science, the control of the interface between graphene sheets 
and/or host ligand is a critical issue requiring further study 
and development in order to offer sustainable alternatives to 
current materials.
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26 Electronic Structure of 
Graphene-Based Materials 
and Their Carrier Transport Properties

Wen Huang, Argo Nurbawono, Minggang Zeng, 
Gaurav Gupta, and Gengchiau Liang

ABSTRACT

Graphene, with the amazing physical and electronic proper-
ties, has numerous unique properties compared to the exist-
ing materials. It is a two-dimensional monolayer of carbon 
atoms arranged in a hexagonal lattice. Three in-plane sp2-
hybridized σ-bonds and one out-of-plane dangling π-bond at 
each carbon site empowers graphene with structural flexibil-
ity and unique electronic band structure with linear disper-
sion relations at the Dirac points. This chapter reviews the 
fundamentals of graphene-like electronic structure, density 
of states and conductivity, and the peculiar transport proper-
ties such as negative refraction, Klein tunneling, and quantum 
Hall effects (QHE). The heat conduction and grain boundary 
effects have also been discussed. For nanoelectronic appli-
cations, one-dimensional strips of graphene called graphene 
nanoribbons (GNRs) are of great interests. This chapter also 
reviews the electronic properties of GNRs, which greatly 
depend on the boundary effects and quantum confinement. 
They can be either semiconducting or metallic according to 
the chirality. By applying the external electrical and magnetic 
field, their properties can be tuned to exploit the spintronic 

and magnetoresistive effects. The thermal and thermoelectric 
properties of various GNR structures are also reviewed in this 
chapter.

26.1 INTRODUCTION

Decades ago, before the isolation of monolayer graphene, 
the variety of allotropes of carbon, such as diamond, graph-
ite, buckminsterfullerene, and carbon nanotube (CNT), had 
also been studied extensively in different scientific areas [1]. 
Diamond and graphite are two well-known bulk forms of car-
bon. Diamond is the hardest known material in nature because 
of its stable and strong covalent bonds. Graphite is thermody-
namically the most stable form of carbon. It is a layered stack 
of graphene and can conduct electricity because of the elec-
tron delocalization within the layer. In 1985, zero-dimensional 
buckminsterfullerenes, also called buckyballs with 60 carbon 
atoms assembling a football, were discovered by Kroto, Curl, 
and Smalley [2], who were awarded Nobel Prize in Chemistry 
in 1996. Besides the spherical buckyball clusters, the fuller-
ene family also contains other types of carbon structures such 
as nanotubes. CNT [3] is a one-dimensional (1D) fullerene 
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with cylindrical nanostructure. It can be considered as a gra-
phene sheet rolled up along a specific angle [1]. CNTs have 
extraordinary electrical and optical properties that make them 
valuable for nanotechnology. In 2004, monolayer graphene 
was finally discovered by Geim and Novoselov [4], and their 
groundbreaking experimental work was awarded with Nobel 
Prize in Physics in 2010. Due to similarity in properties of 
graphene and CNT, the researchers could immediately benefit 
from their experience on the latter to expedite the advances in 
graphene, which has since then drawn intensive attention in 
both pure sciences and engineering.

Each carbon atom in graphene is at a distance of about 
a = 1.42 Å (bond length) from its three nearest neighbors, 
conjoined via sp2-hybridized σ covalent bonds, and has a 
dangling π-bond perpendicular to the graphene plane. The 
σ-bonds provide graphene a structural feasibility, while 
π-bonds are responsible for most of the peculiar electronic 
properties of graphene. Graphene is a semimetal or zero 
bandgap semiconductor, in which conduction and valence 
band meet at the Dirac points (K and K′) on the edge of the 
first Brillouin zone. Near the Dirac points, low-energy elec-
trons are characterized as massless fermionic particles that 
have a linear dispersion described by the Dirac equation, with 
the Fermi velocity vF ~ 106 m s−1 [5]. These massless Dirac 
fermions can evince extraordinarily high electron mobility 
of ~200,000 cm2 V−1 s−1, which is an intrinsic limit at room 
temperature because of the various scattering mechanisms 
[6]. The large cyclotron energies of relativistic Dirac fermi-
ons, moreover, result in new physical phenomena like anoma-
lous QHE [7,8], pseudospin [9], and electro-optical behaviors 
[10,11]. Besides electronic properties, graphene also has high 
thermal conductivity because of the out-of-plane vibrational 
modes in phonon dispersion, which can enable fast heat dis-
sipation in integrated circuits and new functional devices. The 
experimentally measured thermal conductivity for suspended 
single-layer graphene is in the range of ~4400–5800 W m−1 K−1 
at room temperature [12]. Furthermore, because of the struc-
tural flexibility of graphene, the effects of substrates, defects, 
and strains [13,14] can be exploited for new possibilities.

In addition, for nanoscale electronic applications, a strip of 
graphene with finite termination in lateral direction, namely, 
graphene nanoribbon (GNR), can open the bandgap in the 
semimetal providing the potential to replace silicon. GNRs 
can also be treated as unwrapped CNTs. The advancements 
in fabrication process for both top-down and bottom-up 
approaches have been introduced to easily narrow-down the 
graphene to fabricate GNRs with atomic precision for different 
widths and complex shapes [15,16], which has motivated the 
studies for different GNR structures. The boundary effects of 
different edge types (AGNRs and ZGNRs) and quantum con-
finement have great impact on electrical properties of GNRs. 
AGNRs are semiconducting with oscillatory decreasing 
bandgaps [17] for all three families (3p, 3p + 1, and 3p + 2) as 
the width increases, while all ZGNRs have very small band-
gaps [18]. The magnetic ordering that exists at the edge of 
ZGNRs serves as a basis for novel spintronics device applica-
tions [19], whereas controlling the bandgap through magnetic 

field gives rise to the magnetoresistive effect in AGNRs. 
Hence, the exploitation of magnetic field and electrical field to 
influence the properties of GNRs should result in interesting 
applications. However, the thermal conductivity of GNRs is 
reduced because of the dimensional confinement, making it 
not as good as graphene for heat sinks. However, low thermal 
conductivity together with high electrical conductivity and 
Seebeck coefficient are necessary for efficient thermoelectric 
conversion between electricity and heat. In addition, thermal 
conductivity of GNRs can be further suppressed by introduc-
ing defects and scatterings, which make it more promising for 
thermoelectric applications [20].

In this chapter, we summarize the basic physics and fun-
damentals of graphene and GNRs, along with the theoreti-
cal and experimental work on their transport properties. For 
graphene, density of states, carrier conductivity, negative 
refraction, Klein tunneling, QHEs, heat conduction, and grain 
boundary effects are reviewed, while magnetic field, thermal, 
and thermoelectric properties are reviewed for GNRs. For 
details of possible applications of graphene and GNRs, read-
ers are encouraged to peruse further discussions in this book 
series, Volume 6, Chapter 19.

26.2 GRAPHENE

The structure of graphene with three in-plane sp2 hybrid-
ized σ-bonds and one out-of-plane dangling π-bond provides 
unique properties to it that are promising for novel device 
applications. In this section, the fundamentals of graphene 
are introduced followed by a review on graphene transport 
properties, such as density of states, carrier conductivity, neg-
ative refraction, Klein tunneling, QHEs, heat conduction, and 
grain boundary effects, and some key findings are listed in 
Table 26.1.

TABLE 26.1
Key Findings of Graphene Transport Properties

Properties Key Findings References

Conductivity Linearly proportional to the carrier 
density. The ionic impurity 
scattering dominates the carrier 
transport characteristics.

[21]

p–n junction Negative refraction and Klein 
tunneling effects

[22–24]

AQHE Due to its relativistic-like energy 
dispersion behaviors. Graphene is 
the only material whose QHE is 
observable at room temperature.

[7,25,26]

Thermal 
conductivity

Very high thermal conductivity of 
~2000–5000 W m−1 K−1

[12,27–30]

Structural defects 
of grain boundary

The electronic properties are different 
for different types from metallic to 
semiconducting based on the theory 
of transverse momentum 
conservation. All types have 
excellent thermal conductivity.

[31–35]
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26.2.1 Graphene fundamentaLs

A graphene monolayer is basically made of carbon atoms in 
2D hexagonal structures [5]. For theoretical analysis, mono-
layer graphene structure can be described by two sublattices, 
A and B atoms, which are arranged in triangular lattice as 
shown in Figure 26.1a. The unit lattice vectors are given by
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where the constant a is around 1.42 Å for graphene, which is 
the carbon–carbon bond length. The nearest-neighbor hopping 
vectors in Figure 26.1a from lattice B to lattice A are given by
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(26.2)

The corresponding reciprocal space of graphene appears to 
be rotated by 30° compared to its real space lattice as shown 
in Figure 26.1b. The reciprocal lattice vectors are given by
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The most important high symmetry points in the first 
Brillouin zone corners are called K and K′. They play many 
important roles in the low-energy physics of graphene as we 
will discuss later. The coordinates of the symmetry points are 
given by
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Every carbon atom in graphene has four hybridized sp2 
orbitals, which form three σ covalent bonds with its nearest 
neighbors, and a dangling π orbital oriented perpendicular 
to the graphene plane. The σ-bonds are responsible for the 

graphene’s in-plane structural strength and stiffness, resulting 
in graphene’s lack of out-of-plane stiffness creating ripples, 
which exist across graphene layers. The σ bands are fully 
occupied bands, and they form deep valence bands in gra-
phene. Most of the important physics of graphene’s electronic 
and transport properties can be well represented by a simple 
nearest-neighbor tight-binding model of the π orbitals of car-
bon atoms. The π orbitals are half-filled orbitals, and they 
have strong Coulomb energy properties, which exhibit strong 
tight-binding character. A nearest-neighbor tight-binding 
Hamiltonian for graphene π orbitals is given by

 

H t a b H ci j

ij

= − +
< >
∑ ( . .)σ σ

σ

†

 
(26.5)

where aiσ
( )†  operator annihilates (or creates) electron i of spin 

σ at sublattice A, and similarly with operators bjσ
( )†  on sublat-

tice B. The hopping energy t is around 2.5–3 eV in general [1], 
and a small correction for second-nearest-neighbor hopping 
(hopping between atoms of the same sublattice) will add to 
small corrections in asymmetry between the valence and con-
duction band dispersions. For an infinite graphene layer, this 
Hamiltonian can be easily solved exactly by expanding the 
basis vector in terms of Bloch states, where the correspond-
ing states of electron one lattice vector away differ by a Bloch 
phase factor eik a

� �
⋅ . After summing up all the phases and diago-

nalizing the Hamiltonian, the valence and conduction π band 
energy dispersion is given by
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For half-filled bands or Fermi energy level at zero energy, 
the positive sign in Equation 26.6 applies to the upper (con-
duction) band or sometimes called the π* band, and the nega-
tive sign applies to the lower (valence) band or π band. The 
dispersion relation shows six corners in the Brillouin zone 
that can be labeled as alternating K and K′ points as shown in 
Figure 26.2a. These K and K′ points in the Brillouin zone are 
called the Dirac points. The corresponding density of states 
is also shown in Figure 26.2b, which can be calculated from

 

DOS E E k E dk
BZ

( ) ( ( ) )= −∫ δ
 

(26.7)

At low-energy excitations around the Dirac points, the 
physics of graphene quasiparticles can be described as relativ-
istic Dirac fermions. This is because low-energy excitations 
around K and K′ points in the Brillouin zone are approxi-
mately linear with the momentum wave vector, and they are 
isotropic in all directions along the graphene layer as depicted 
in Figure 26.3a, which form six Dirac cones. To obtain the 
dispersion around these Dirac points, one can perform a 
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FIGURE 26.1 (a) Real space lattice structure of monolayer gra-
phene with sublattice A and B. (b) Reciprocal space of graphene 
appears tilted by 30° relative to real space. The Brillouin zone of 
graphene is shown with its high symmetry points.
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Taylor expansion of the dispersion Equation 26.6 about a 
Dirac point and keep only small linear terms in momentum, 
that is, k = K + q and q is a small wave vector. This would give 
the energy dispersion as

 
E qF( )
�

�
�

q v= ±
 (26.8)

where v atF = 3 2/ � (~106 m/s), and it is approximately 1/300 
of the speed of light. The complete analogue of the Dirac 
Hamiltonian can also be obtained by replacing the operators 
in Equation 26.5 with slowly varying field operators defined as
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After expanding the operators and keeping the leading 
order, using the prescription 

� �
q i= − ∇ and making use of the 

Pauli matrices 
�
σ , we can rewrite the Hamiltonian in terms of 

the momentum operators as
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The four component field operators ψη
( )†

 has the so-called 
valley index η (η = 1, 2) which is associated with K and K′ 
points in the Brillouin zone. So the Hamiltonian in Equation 
26.10 is a 4 × 4 matrix with each 2 × 2 block making up each 
valley at K and K′, respectively. Every 2 × 2 block in Equation 
26.10 resembles a spinor space (or pseudospin) resulting from 
the sublattice A and B. The term chiral is often used to describe 
quasiparticles in graphene because the eigenstates at K and K′ 
associated with each valley would swap over (reverses sign) 
upon a rotation by 180°,
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where θq x yq= arctan( )/q . This picture resembles chiral par-
ticle behavior, but the apparent spin space implied here is not 
the real spin of the particles, and we shall call it pseudospin. 
There have been suggestions, however, to harvest the valley 
electronic behavior in graphene as a “valleytronics” device 
[9]. Nevertheless, this idea has so far remained in confines of 
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FIGURE 26.3 (a) Dirac cones of graphene at low-energy excitations around K and K′ points. Inset shows the details of band gap opening 
at K point. (b) Common stacking order of multilayer graphene (graphite). (c) Band structure of pristine bilayer graphene showing gapless 
dispersion at the Dirac points. Applications of an external potential would open a gap at the Dirac points.
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FIGURE 26.2 (a) Band structure of graphene based on π orbital of the tight-binding model. Inset is the band structure visualization in 2D 
Brillouin zone. (b) Density of states (DOS) of graphene. (c) Transmission of graphene. (The results are benchmarked with G. Liang et al. 
Journal of Applied Physics, 102;2007:054307.)
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theoretical proposals only [36]. The low-energy Hamiltonian 
model is valid up to a certain cut-off wave vector, above 
which the linear dispersion becomes inaccurate. The com-
mon method to determine the cut-off wave vector is to impose 
limit to the carrier energy to be less than 0.4t (around 1 eV), 
which corresponds to k = 0.25 nm−1.

Apart from monolayer graphene, multilayer graphene is 
more commonly found in exfoliated graphite. In a multilayer 
graphene or graphite flakes in general, the most common 
stacking configuration is shown in Figure 26.3b, where one 
layer has half of the atoms directly above the one below it 
while keeping the same lattice orientations. The most com-
mon stacking orders like ABAB and sometimes ABCABC 
stacking are also found in different types of graphite. A bilayer 
graphene may be obtained by combining two relaxed mono-
layers, and for an AB-Bernal stacked bilayer graphene with A 
sublattice atoms directly above A′ sublattice atoms below it, 
the tight-binding model Hamiltonian is given by
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where m is the monolayer plane index (m = 1, 2), and a typi-
cal set of parameters for the hopping energy are γ0 = t ≈ 3 eV, 
γ1 ≈ 0.4 eV, γ4 ≈ 0.04 eV, and γ3 ≈ 0.3 eV. The band structure 
of a bilayer graphene is shown in Figure 26.3c. It is also pos-
sible to open a gap in bilayer graphene by applying a gate 
potential [37]. The tight-binding model in Equation 26.12 can 
be written in a 4 × 4 matrix form as
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In a bilayer graphene, the application of an extrinsic poten-
tial V causes the breaking of the AB lattice symmetry, and 
it enables the opening of bandgap around the Dirac points. 
This makes bilayer or multilayer graphene more interesting 
for device applications where a bandgap is needed on a large 
flake.

An infinite pristine graphene does not have a bandgap, 
thus many efforts have been attempted to create the bandgap 
necessary for useful applications. Among many techniques 
that already exist today, strain engineering of graphene has 
been proposed to create all-graphene electronics [13]. The 
first-order effects of strain on graphene electronic properties 

can be modeled by the perturbation of the hopping energy 
ti → ti + δti. Within the low-energy Hamiltonian, the effects 
of this energy perturbation can be modeled as a pseudo-mag-
netic field by introducing a pseudo-vector potential A

��
 into the 

momentum operator,
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The field operators there contain electron fields at each val-
ley and sublattice,
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In this case, the pseudo-vector potential in Equation 26.14 
arises from the perturbation energy term δti as a result of the 
strain,
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and the pseudo-vector potential appears with its sign reversed 
for K′ valley which ensures time-reversal symmetry of the sys-
tem. Strain engineering in graphene can potentially be used for 
generating confinements as well, which is difficult for Dirac 
particles due to Klein tunneling effect. It may also be used to 
study tunneling effects in general, beam collimations, and so 
on. In terms of generating bandgaps, strain engineering is more 
effective when it is applied on finite size nanoribbons [38,39].

26.2.2  density of states and carrier 
conductivity of Graphene

As the band structure of graphene is identified, its electron 
density of states (D(E)), carrier concentration (n(E)), and 
electron transport property (conductivity, σ(E)) can be theo-
retically investigated. Based on the fundamentals of semicon-
ductor physics [40,41], first, the equations for the electronic 
properties of two-dimensional materials are given as follows:
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where v is the carrier velocity, p the carrier moment, �N  the 
number of states for the electrons, M the number of modes in 
the system, λ the carrier mean free path, W and L are the width 
and the length of the system, h the Planck constant, and gs and 
gv are the degeneracy of spin and the valley in the electronic 
band structure, respectively. For graphene, electron behavior 
follows the Dirac dispersion relation, E k v pf f= =�v , and gs 
and gv are 2. As a result, it can be obtained that
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From these results, it is clear that near the Fermi level at 
the Dirac point (Ef), D is linearly proportional to energy. It is 
consistent with DOS shown in Figure 26.2b as energy near the 
Dirac point. Furthermore, assuming the temperature is close 
to zero to simplify the calculations, carrier concentration can 
be derived from the above equation to obtain
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Therefore, the conductivity of electrons in graphene can be 
generalized as
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where λ π τ( ) ( )E E= /2v f , and τ(E) is the life time of the car-
riers for different scattering mechanisms.

In this chapter, we will simply consider three common 
mechanisms that influence transport in solid-state materials 
as examples. The first case is ballistic transport, in which λ 
can be treated as a constant for the entire transport length. 
As a result, σ(E) is proportional to energy, and therefore 
proportional to n . The second case is carrier transport in 
the presence of acoustic phonon scattering. From the scat-
tering theory, the mean-free time (τAP) is scales with energy 
as ( ( )) ( ) ( ) )( )1/ /τ τAP D EE E E EAP∝ ∝ ∝ (1⇒ . This indicates 
that σ is not a function of energy or carrier concentration. It 
is a very interesting result, since the conventional treatment to 
enhance conductivity in normal semiconductors is to increase 
the carrier concentration. The Drude model, σ µ( ) ,E qn=  
where μ is the carrier mobility, indicates that the carrier 
mobility of graphene decreases as the carrier concentration 
increases under the consideration of the acoustic phonon 

scattering. Finally, we consider the case of ionic impurity 
scattering, whose scattering rate is inversely proportional to 
energy, ( ( )) ) ( )1/ /τ τI IEE E E∝ (1 ∝⇒ . Therefore, it can be 
found that conductivity is linearly proportional to the carrier 
density, σ( ) ( )E E E∝ ∝2 n f . The effective carrier conductiv-
ity should consider all effects via Matthiessen’s rule,
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=
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The recent experimental measurement [21] shows a near 
linear relation between conductivity and carrier concentra-
tion, indicating that in graphene, the backscattering caused 
by phonon is suppressed and the ionic impurity scattering 
dominates the carrier transport characteristics even at room 
temperature, in contrast to most of the semiconductor materi-
als in which acoustic phonon scattering has a dominant role at 
room temperature.

26.2.3 Graphene p–n Junction

Unlike any preexistent semiconductor, the gapless Dirac 
energy bands in graphene have facilitated the study [42] 
and manipulation [43] of unconventional physics of negative 
refraction, a phenomenon that was previously limited to opti-
cal metamaterials. An electronic analogue of Veselago lens 
[44,45] effectuates at the p–n junction in graphene, because 
of the apparent negative refractive index that focuses the elec-
tron waves [42] traversing across the junction. In addition to 
the negative refraction, the reflection-less (perfect-reflection) 
propagation of normally incident wave through the potential 
barrier [46] at p–n junction for monolayer (bilayer) graphene 
has disinterred the examination of Klein tunneling [47–51]. 
Since p–n junctions are an elementary unit of electronic 
devices, the understanding of quantum transport through 
these is of prime importance. This section therefore appraises 
the effect of negative refraction and Klein tunneling on elec-
tron transport through graphene p–n junctions.

26.2.3.1 Negative Refraction
The Fermi level at the Dirac point in pristine graphene can be 
easily shifted into conduction (valence) band by small n-type 
(p-type) charge doping or positive (negative) gate potential 
to create a spatial distribution of charge along the transport 
direction [52]. Conversely, for a given Fermi level, the Dirac 
point can be shifted to engineer a slowly varying potential 
barrier of width Dw and height V0, in the form of a p–n junc-
tion, as shown in Figure 26.4. An electron wave packet of 
Fermi energy EF, with respect to a local Dirac point, imping-
ing the barrier at an angle θ, with respect to normal of the 
boundary, must conserve the transverse component of the 
crystal momentum k whose magnitude is given by | ,E vF| /�  
where vF is the Fermi velocity. Furthermore, the group veloc-
ity of electron waves is parallel (antiparallel [53]) to the 
wavevector in conduction (valence) band. The conservation 
of momentum, therefore, gives an equivalent Snell’s law as 



407Electronic Structure of Graphene-Based Materials and Their Carrier Transport Properties

kFn sin(θn) = −kFp sin(θp), where kFn and kFp are Fermi wave-
vectors on n and p side, respectively. The refractive index for 
wave going from n-type region to p-type becomes ηnp = sin(θn)/
sin(θp) = −kFp/kFn. This expression although describes the path 
of the electrons, the transmission is governed by conservation 
of pseudospin [54]. Therefore, below the critical angle given 
by Snell’s law, the transmission [46] across symmetrical p–n 
junction is expressed as
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In particular, the above equation implies that for a nor-
mally incident wave, that is, θn = 0, there is a perfect transmis-
sion irrespective of the magnitude of V0, which is a signature 
of Klein tunneling. This happens because for backscattering, 
the pseudospins must be flipped [54] that requires fast spa-
tially varying potential to act differently on the two sublattices 
(A and B) of graphene. Also note that in Equation 26.26, the 
exponential factor is present only for a slowly varying bipolar 
junction, and therefore, for the unipolar junction only cosines 
terms from pseudospin conservation determine the transmis-
sion. For a detailed derivation, we suggest readers to refer [46]. 
Furthermore, for the p and n regimes, the wavefunction is for-
mulated [55] as | /Ψn 〉 = ( , )1 2eiθ  and | /Ψp

i〉 = +( , ) ,( )1 2e θ π  
where θ = − −arctan( ( ) )..k k ky f y

2 2 0 5  Now, the transmission prob-
ability for any given mode is | | |〈 〉Ψ Ψn p

2, which becomes unity 
for θ = 0. However, a wavefunction mismatch is observed 
between n-type and p-type regimes for nonzero θ. Unequal 
conductance is, therefore, observed for an equivalent n–n and 
n–p doping, which induces asymmetry in the conductance mea-
surements [54]. Now, we briefly peruse two important effects 
of negative refraction on electron transport through the p–n 
junction. First, a p–n junction acts as an angle selective filter 

[11,56]. The electron waves incident at an angle greater than 
θC = arcsin(|ηnp|) are not allowed to cross the junction, a prop-
erty that can be manipulated for electro-optic-based graphene 
devices as discussed in Volume 6, Chapter 20. The angular 
bandwidth of 2θC therefore makes a p–n junction more resis-
tive compared to homogeneous graphene. Second, the transi-
tion width Dw reduces the angular bandwidth [55] considerably, 
in addition to which the obliquely incident electron waves have 
to quantum mechanically tunnel, as an evanescent wave [22], 
through the mode-dependent band gap, that further reduces the 
conductance of the p–n junction. The simultaneous deterrence 
of conductance has been verified through experiments [23]. 
However, for n–p–n (or p–n–p) junctions, the transmission 
[24] becomes a function of not only incidence angle but also 
of barrier width (see Equations 26.3 and 26.4 in Reference 48). 
Therefore, for certain electron energies and incidence angle, the 
resonant tunneling [48] may increase the conductance.

26.2.3.2 Klein Tunneling
Quantum mechanics permits an intraband transmission of a 
particle as an evanescent wave through a classically forbid-
den energy barrier but the probability of such phenomenon 
decreases exponentially with barrier height (V0) and its spa-
tial width (WB). Klein paradox [47], however, suggests that an 
electron moving at a relativistic speed can tunnel through the 
barrier with transmission probability approaching unity, as the 
barrier height tends to infinity. The extreme conditions [48] 
required to verify the paradox or its promulgated resolutions 
[57,58] have so far eluded experimental observation. The Fermi 
velocity of c/300 ~ 106 m/s in Dirac bands of graphene, there-
fore, has provided a solid-state platform to examine the theory, 
as originally suggested in Reference 48 and later experimen-
tally demonstrated in Reference 49. It is, however, imperative 
to understand that Klein tunneling in graphene is subtly differ-
ent [22] from both quantum tunneling and Klein paradox. This 
is because, in Klein tunneling, an electron makes an interband 
transition, and there is no paradoxical charge conservation 
owing to natural charge-conjugate symmetry between electron 
and holes (condensed-matter equivalents of positrons). This 
effect has been comprehensively reviewed in References 22, 
59, and 60; especially note that Reference 22 explains some 
common misconceptions about this phenomenon in graphene.

The solution of Schrodinger equation at an interface mandates 
the continuity of wavefunction and its differential. At the p–n junc-
tion, for monolayer graphene, the wave function for an electron 
(conduction band in n-type region) propagating with wavevector 
k matches with the corresponding wavefunction of hole (valence 
band in p-type region), which propagates with a real wavevec-
tor—k. For a normally incident electron wave, the conservation of 
pseudospin, which acts as a selection rule [22], complements the 
wavefunction matching to yield a reflection-less transport across 
the barrier. However, for the bilayer graphene, the solution results 
in an evanescent wave for the hole wavefunction in barrier (p-type 
region) with an imaginary wavevector—ik [48], which totally 
 suppresses the electron propagation across the interface. In addi-
tion to the tunneling through transition width DW (c.f. Figure 26.4) 
and Klein tunneling through barrier WB for normally incident wave, 

V0EF

Dw

p-Type regime

n-Type regime

FIGURE 26.4 Schematic to illustrate a p–n junction of width Dw 
and barrier height V0. The electron filled energies below the Fermi 
level EF are shaded in dark gray, whereas empty band is marked in 
light gray.
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the oblique incidence of electron wave on a square barrier (e.g., 
n–p–n junction) may result in Fabry–Perot resonances [22] due to 
multiple interferences because of oscillations between n–p and p–n 
interfaces. The resonance periodically modulates the transmission 
with incidence angle, and consequently the conductance, as theo-
retically elaborated in Reference 61 and experimentally observed 
in Reference 49 by controlling the Fabry–Perot fringes via mag-
netic field. It should, however, be noted that the impurity concentra-
tion [62] must be sufficiently low (<1012/cm2) so that the impurity 
limited mean-free path is much longer than the spatial dimensions 
for respective quantum effect to be observed, for example, WB for 
Fabry–Perot resonance and DW for Klein tunneling.

26.2.4 qhes in Graphene

QHE is one of the most important fundamental phenomena 
in condensed matter physics. Under strong magnetic field, the 
diagonal conductivity σxx is vanishing to zero and the nondi-
agonal conductivity shows quantized values of σxy = −νe2/h. 
The factor v can be integer (IQHE) or fractional (FQHE) 
depending on the system. Graphene shows an anomalous 
quantum Hall effect (AQHE) due to its relativistic-like energy 
dispersion behaviors, which differ from ordinary quadratic 
dispersions in typical 2D electron gas. In tight-binding mod-
els, the effects of magnetic field can be studied by using 
Peierls substitution in the hopping energy t, and Landau levels 
can be deduced from the spacing of the flat bands near the 
Dirac points [5]. For an infinite monolayer graphene, however, 
the low-energy Hamiltonian sufficiently describes the phys-
ics of the first few Landau levels, and the solutions are much 
simpler to obtain than tight-binding models. In low-energy 
Hamiltonian models, we can replace the momentum opera-
tor with canonical momentum operator � � �

p p→ +( )eA , and by 
using the Landau gauge 

�
A x Bxy( ) = ˆ , the analytical solutions 

for the eigenenergies and eigenstates can be obtained as [25]
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where lc = �/eB , ξ = +( )x l k lyc c
2 /  and n is integer. The func-

tion ϕn( )ξ  is the familiar harmonic oscillator eigenfunction in 
quantum mechanics. The analytical solutions above perfectly 
explain the experimentally observed unusual | |n  depen-
dence of discrete Landau levels in graphene, which makes it 
different from other ordinary IQHE of 2D electron gas due to 
its zero mode Hall conductivity [7]. The zero mode is shared 
equally by the electron and hole. The Hall conductivity of gra-
phene can be derived directly from its energy spectrum using 
simple classical arguments, and at the half-filling chemical 
potential, it is given by
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The Hall conductivity shows the presence of zero mode 
shared by two Dirac points, which eliminates the typical Hall 
plateau at n = 0 as shown in Figure 26.5. We also see from 
the eigenvalues above that the cyclotron energy scales linearly 
with nB  instead of nB, and this makes the energy spacing 
rather large for the first few Landau levels. Observation of 
QHE requires energy spacing to be greater than the tempera-
ture smearing, which implies that the energy scales of Dirac 
fermions would be observable at much higher temperatures 
compared to the ordinary 2D electron gas in semiconductors. 
This enables observations of AQHE in graphene at room tem-
peratures [7]. Graphene is the only material whose QHE is 
observable at room temperature. Magnetic fields are also useful 
for particle confinement in graphene because relativistic par-
ticles cannot be confined with a conventional electric barrier. 
Manipulation of the Landau states in a patterned magnetic lat-
tice can also be used for confining Dirac particles in graphene 
[26]. A simple way to systematically study a graphene system 
with magnetic lattice, is to use the low-energy Hamiltonian at 
one Dirac point (neglecting intervalley scattering) and expand 
the eigensolution in terms of the Bloch functions,
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where φ1 2, ( , )x y  are periodic. The discrete Fourier transform 
can be applied,
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FIGURE 26.5 AQHE in graphene as function of charge-carrier 
concentration. There is no Hall conductivity plateau at n = 0, which 
marks the relativistic Dirac particle behavior in graphene. Carrier 
concentration is tunable with a simple gate. (Adapted from K.S. 
Novoselov et al. Nature, 438;2005:197–200.)
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where ω πx xT= 2 / , ω πy yT= 2 /  with Tx and Ty the periodicity 
of magnetic lattice. The Hamiltonian can then be expanded 
easily with these plane-wave basis, and it enables analy-
sis of the Landau level without resorting to Landau gauge. 
If we need to model the intervalley scatterings, then a 4 × 4 
Hamiltonian for four orbital basis should be used instead.

26.2.5 phonon and heat conduction for Graphene

To study the heat conduction of graphene, it is important to 
understand the phonon dispersions first because of its impor-
tance in determining phonon density of states, phonon scatter-
ings, thermal conductivity, and so on. Raman measurements 
are used to determine the phonon dispersions experimentally, 
such as the phonon dispersions reported for graphite along 
the Γ–M–K–Γ directions measured by x-ray inelastic scat-
tering [63,64]. Theoretically, besides ab intio calculations, 
other approaches like fourth-nearest-neighbor force constant 
(4NNFC) method, valence force field (VFF) model, and the 
Tersoff and Brenner potentials are based on fitting parameters 
from experimental data. Figure 26.6 shows the phonon dis-
persion of graphene calculated using 4NNFC method. With 
two atoms in one unit cell in graphene, there are six phonon 
branches comprising three acoustic (A) and three optical (O) 
phonon modes [1]. These modes are associated with out-of-
plane (Z), in-plane longitudinal (L), and in-plane transverse 
(T) atomic motions. The phonon dispersion is the relation of 
phonon energy or frequency and phonon wave vector. The 
acoustic modes originate from Γ-point, and TA and LA modes 
have linear dispersions at small wave vector near Γ-point with 
much higher group velocities due to strong in-plane sp2 bonds 
and small mass of carbon atoms; whereas ZA modes are qua-
dratic with lowest acoustic phonon energy.

The thermal conductivity (κ) is the physical property of a 
material to conduct heat. It is defined in terms of Fourier’s law, 
Q = –κ∇T, where Q is the heat flux and ∇T is the temperature 

gradient. In general, heat is carried by phonons and electrons, 
so κ = κp + κe, showing the lattice thermal conductivity and 
electron thermal conductivity. For carbon-based materials, the 
acoustic phonons dominate the heat conduction, and the con-
tribution of electron can become important for doped struc-
tures. In the diffusive regime, the sample size (L) is larger than 
the mean free path, and the Umklapp scattering process limits 
thermal transport. When L is comparable or even smaller than 
the mean free path, the continuous transport model is broken 
and phonon transport is in the ballistic regime. Fourier’s law is 
only applicable in the diffusive regime [65].

Thermal conductivities of graphene can be measured using 
micro-Raman spectroscopy. Balandin et al. [12] have reported 
that the suspended single-layer graphene has thermal conduc-
tivity in the range of ~(4.84 ± 0.44) × 103 to (5.30 ± 0.48) × 103 
W m−1 K−1 at room temperature comparable to the predicted 
value by molecular dynamics (MD) simulations when iso-
lated graphene monolayer was still hypothetical [27]. The 
phonon mean free path of ~775 nm near room temperature 
is extracted [66]. Other groups have measured the in-plane 
thermal conductivity in the range of ~2000–5000 W m−1 K−1 
for suspended graphene samples of various sizes and geom-
etries at different temperatures [28–30]. These results show 
that graphene has extremely high thermal conductivity that 
exceeds the bulk graphite limit, among the highest of any 
known materials, suggesting its potential use as the future 
thermal management material. Besides freely suspended gra-
phene, it is also very important to study the effect of substrate 
on supported graphene [67,68]. Contact with a substrate could 
decrease the thermal conductivity of graphene significantly, 
since supported graphene cannot benefit from the suspension 
that reduces thermal coupling and scattering on the substrate 
leading to the thermal conductivity of suspended graphene 
close to its intrinsic value. The measurement by Seol et al. has 
shown that the thermal conductivity of monolayer graphene 
exfoliated on a silicon dioxide support is ~600 W m−1 K−1 near 
room temperature [69]. It is much lower than the reported val-
ues of suspended graphene because of the phonon leaking 
across the graphene-support interface and strong interface-
scattering of flexural modes.

On the theoretical side, several methods are employed 
to model the thermal transport of graphene, including com-
mon atomistic techniques like MD, nonequilibrium Green’s 
function (NEGF), and Boltzmann transport equation (BTE) 
simulations. Using the optimized Tersoff and Brenner empiri-
cal potentials, Lindsay et al. have found that the thermal con-
ductivity of graphene is ~3500 W m−1 K−1, better than those 
obtained from the original parameter sets [70]. The optimized 
parameter sets provide better fitting to phonon dispersions and 
measured data as well. With the Green–Kubo method, Zhang et 
al. have demonstrated that pristine graphene has thermal con-
ductivity of 2903 ± 93 W m−1 K−1, and the out-of-plane phonon 
mode contribution is 1202 ± 32 W m−1 K−1 [71]. Other calcula-
tions have also shown that the intrinsic thermal conductivity 
of graphene is in the range of 2000–5000 W m−1 K−1 at room 
temperature depending on size, defect, and edge roughness, 
in good agreements with experimental measurements [72–74]. 
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In the ballistic regime, a formula is derived by Saito et al. [75] 
to calculate the ballistic limit of the thermal conductance per 
unit length of graphene when L is smaller than the mean free 
path. Their formula shows that, for intrinsic graphene, the elec-
tron thermal conductance increases in proportion to T 2 with 
temperature, while the lattice thermal conductance increases 
in proportion to T1.5 due to the quadratic dispersion relation of 
the out-of-plane acoustic mode.

26.2.6 Graphene with Grain Boundary

Structural defects appearing during growth or processing are 
of practical significance on the performance of graphene, such 
as point and line defects. Grain boundaries are line defects 
separating single-crystalline domains with preferably peri-
odic structure due to minimum formation energy. After indi-
vidual dislocation is imaged in free-standing graphene layer 
by transmission electron microscopy (TEM) [76], recently, 
more reports have shown grain boundaries in graphene pro-
duced by chemical vapor deposition (CVD) [14,77], opening 
an opportunity for studies on the structure, properties and 
control of grain boundaries in graphene. Theoretically, first 
principles calculations are used to study the electronic proper-
ties of graphene with grain boundaries [31–33]. The structure 
is dictated by the misorientation angle of two crystallites. For 
any possible misorientation angle, a grain boundary structure 
can be constructed in the form that all carbon atoms main-
tain their threefold coordination. The grain boundaries can 
be classified into symmetric and asymmetric. The electronic 
properties are different for graphene with different classes of 
grain boundaries from metallic to semiconducting based on 
the theory of transverse momentum conservation, for exam-
ple, large transport gap can be introduced by asymmetric 
grain boundary with misorientation angle of 30° as shown in 
Figure 26.7. These transport gaps and electrical conductance 
can be modulated by strains on grain boundaries [33]. Yazyev 
et al. have also found that the symmetric large-angle grain 
boundaries are favorable due to low formation energy, and 
there is a strong tendency toward an out-of-plane deformation 
that further reduces their formation energies in small-angle 
regimes [32].

The effect of grain boundaries on the thermal conductiv-
ity of graphene is also studied theoretically using the NEGF 
approach [34,35]. Unlike the structural dependence on 

electronic transport, graphene with all types of grain bound-
aries have excellent thermal conductivity, among which, sym-
metric zigzag grain boundaries show the highest thermal 
conductance. Graphene with grain boundaries can yield about 
80% transmission of pristine graphene, and as temperature 
increases, the thermal conductance increases. Similar to pris-
tine graphene, as discussed above, the out-of-plane acoustic 
mode is dominant in thermal conductivity of graphene with 
grain boundaries at low temperatures [34]. In addition, Serov 
et al. [35] have shown the dependence of thermal conductivity 
in substrate-supported graphene with grain boundaries that 
grain type and grain size are crucial when grain sizes become 
comparable to or smaller than several hundred nanometers, 
which is important for practical applications.

26.3 GRAPHENE NANORIBBONS

The boundary effects of different edge types and quantum 
confinement make GNRs very different from graphene. 
AGNRs are semiconducting with oscillatory bandgaps 
depending on width, and all ZGNRs with very small band 
gaps. The edge effects also have great impacts on magnetic 
properties, that is, magnetism in ZGNRs and magnetoresis-
tive effect in AGNRs. Although the thermal conductivity of 
GNRs is greatly reduced compared with graphene, it offers an 
opportunity for GNRs to be potential thermoelectric materi-
als. In this section, the fundamentals of GNRs are introduced 
followed by the review on magnetic field, thermal, and ther-
moelectric properties for GNRs of different structures.

26.3.1 Gnr fundamentaLs

The electronic properties of graphene beyond its bulk proper-
ties show many important features, which are vital for every 
device application. GNRs are the most basic geometry of 
interest where electron transport takes place along the GNR’s 
length. Regular GNRs can either be cut with zigzag edges 
(ZGNR) or armchair edges (AGNR) as shown in Figure 26.8 
[78]. We shall use theoretical models with effectively infinite 
length of GNR to predict their transport properties. In theory, 
ZGNRs have conducting states with rather peculiar magnetic 
properties at their edges regardless of the ribbon width [18]. 
Narrow AGNRs can be either semiconducting or metallic, 
and their bandgap oscillates with the ribbon width param-
eter as will be explained later. Obviously, the bandgap also 
diminishes with increasing ribbon width due to less confine-
ment in the ribbon. The atomic structures of both ZGNRs and 
AGNRs are shown in Figure 26.8, together with their band 
structures from π-orbital tight-binding model. Many detailed 
edge effects on the electronic structure of GNRs have been 
extensively studied in the literature due to ubiquitous exis-
tence of edge roughness and defects in practice and their 
ability to change the transport properties of GNRs signifi-
cantly. Structural stability of GNRs is provided by the edge 
atoms passivation mechanism typically by hydrogen atoms. 
Otherwise crumpling and other undesired chemical recon-
structions of the ribbons would occur. Reconstructions of the 

(a) (b)

0 0.5

1

0−1

1

Eg

K (π/W)

E 
(e

V
)

FIGURE 26.7 (a) Atomic structure of the graphene with 
θ = 30.0° asymmetric grain boundary. (b) Transmission map. (The 
results are benchmarked with S.B. Kumar, J. Guo, Nano Letters, 
12;2012:1362–1366.)
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edge atoms by around 3% also introduce around 12% increase 
in the nearest-neighbor hopping energy.

Sufficiently narrow ZGNRs have been predicted to have 
a finite but small direct bandgap in the order of 20 meV 
[18], though the experimental observation of this energy gap 
remains elusive due to impurities in GNRs. The origin of 
this bandgap comes from a staggered sublattice potential due 
to spin ordered states at the edges. ZGNRs have ferromag-
netic ordering on every edge, with opposite spin orientation 
between them. However, this energy gap and the antiferro-
magnetic coupling between the edges diminish as the width 
of the ribbon increases to be comparable to the spin diffu-
sion length in the ribbon. Recently, Li et al. has suggested 
to improve the preservation of the edge states by terminat-
ing them with ethylene [79]. Opposite spin states on opposite 
edges in ZGNRs occupy different sublattice, so in a sense 
they resemble boron nitride (BN) nanoribbons whose band-
gaps arise from ionic potential difference between B and N 
in different sublattices [80]. In practice, exploitation of the 
magnetic properties in ZGNRs remains nontrivial because 
the effects from the underlying substrate and intrinsic charge 
puddles on the entire graphene layer is significant [81].

Theoretically, AGNRs are semiconducting and their band-
gap varies for three distinct families of 3p, 3p + 1, and 3p + 2, 
where n is a positive integer that parameterizes the number 
of carbon atoms along the ribbon width. The bandgap oscil-
lations are shown in Figure 26.9a, which are the results from 
tight-binding calculation [82]. A consistent trend shows that 
3p + 1 family has the largest bandgap while 3p + 2 family 
has the smallest. Ab initio calculations with local spin den-
sity approximation (LSDA) for exchange correlation predict 

semiconducting properties for all families in narrow AGNRs. 
While this phenomenon may look interesting theoretically, its 
observation is obscured by defects and impurities in GNRs. 
In fact, the existing monolayer GNRs fabricated in the lab so 
far show no dependence of the bandgap on the orientations of 
the GNRs [81].

Electronic transport properties of perfect GNRs may be 
derived from the band structure using NEGF formalisms. The 
conductance (G(E)) through the device will show the typical 
quantization in the form,
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and the transmission probability for a given channel n is either 
one or zero depending on whether the channel is occupied or 
not at a given energy E. This would show step-like conduc-
tance across energy. Real GNRs always show significant dif-
ference in their transport behaviors due to inherent disorders 
such as defects, impurities, and ripples across the ribbons, 
which modify the transmission coefficient above. Theoretical 
models for disorders in graphene have been discussed in the 
literature [81,83–85]. Mostly, we use tight binding for the 
microscopic model and generally a local disorder at atomic 
site i may be modeled by putting a high on-site energy value 
at i, making electrons difficult to hop into it. A uniform dis-
order on graphene may be modeled using Anderson model 
by making the on-site energy randomly distributed across 
a certain energy interval [−U, U] with a uniform probabil-
ity distribution, for example, P = 1/2Ut. Edge disorders in 
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GNRs reduce the conductance and introduce fluctuations of 
the order of e2/h, which are sensitive to the relative arrange-
ment of the scatterers. An average over a large number of edge 
disorders will smear the conductance steps, which eventually 
makes conductance linear, and results in transport energy 
gap. Wider GNRs experience less sensitivity to edge disor-
ders, and solution-phase fabrication methods are claimed to 
enhance the smoothness of the GNR edges [86]. Disorders 
may also enhance the performance of graphene device for 
thermoelectric applications [87].

Different disorder length scales lead to different transport 
regimes. The phase coherence length scale in graphene can 
be up to five micron long [88]. Therefore, for most nanoscale 
devices that we model in this book, quantum model effects are 
important, especially for low disorder systems. The mean free 
path length scale determines the ballistic-diffusive transport 
regimes where system size smaller than its mean free path is 
said to be in the ballistic regime. Another length scale is the 
localization length scale within which a state can be bounced 
back and forth between two impurities (forming a standing 
wave) leading to Anderson localization at certain disorder 
level, or else the state may also be bound to the impurity site. 
Shorter localization length induces greater reduction to the 
conductance. Graphene behaves in similar fashion to ordinary 
parabolic dispersion materials under uniform Anderson-type 
disorders [84].

On the other hand, bilayer GNRs have some qualitatively 
similar electronic properties compared to the monolayer 
GNRs, although the bilayers show some additional features. 
For example, the energy gap in bilayer GNRs depends on 
the interlayer spacing, as well as the nanoribbon width due 
to nonuniform charge distributions at the edges as shown in 
Figure 26.9 [82]. Armchair bilayer GNRs are also predicted 
to have three distinct families of 3p, 3p + 1, and 3p + 2 despite 
their energy gaps being smaller than the monolayer counter-
parts [82]. The effects of edge doping with boron and nitrogen 
give the same effects on both monolayer and bilayer GNRs. 

Boron doping makes p-types, while nitrogen doping makes 
n-types. These edge dopings show reduced energy gap com-
pared to the undoped cases [82]. As explained previously, 
bilayer graphene can exhibit an energy gap upon an applica-
tion of perpendicular electric field. This makes bilayer GNRs 
attractive for many electronic applications, such as nanoelec-
tromechanical sensor (NEMS). A pressure acting on bilayer 
GNRs can change the interlayer distance, which in turn will 
change the energy gap significantly, useful for pressure-sensi-
tive NEMS. A theoretical model elucidated this NEMS device 
concept and predicted up to 3 order of magnitude on–off cur-
rent ratio under 20 meV bias [89]. This is more attractive than 
the bulk bilayer graphene, which requires relatively higher 
pressure to achieve the same effects on its energy gap.

26.3.2  maGnetism in zGnrs and maGnetic-fieLd-
effect in aGnrs

Both tight-binding models and first-principles calculations 
predict that ZGNRs are metallic with doubly degenerate flat 
band at the Fermi level when spins are not considered [90]. 
The flat band extends over one-third of the 1D Brillouin zone 
at K a a∈(( ),( , ))2 3π π/  (a = 0.246 nm is the unit cell of the 
zigzag edge), corresponding to a highly localized electronic 
distribution near the zigzag edges. As a result, the on-site 
electron–electron Coulomb interaction leads to an instability 
and suggests possible edge magnetism. This edge magnetic 
ordering has been proved by the mean-field Hubbard-model 
calculation and the spin polarized DFT calculation [18,91]. 
The ground state of ZGNRs shows the antiferromagnetic cou-
pling between the magnetic zigzag edge states. By applying an 
external magnetic field, the antiferromagnetic (AFM) ground 
states (GS) can be switched to ferromagnetic (FM) metastable 
states [91]. The band structure of ZGNRs is closely related 
to the magnetic states. As shown in Figure 26.10b for the 
GS-ZGNR, a direct bandgap and energy splitting at X point 
is present due to the interaction of spin polarized edge states. 
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However, FM-ZGNR shown in Figure 26.10c is metallic 
with two bands crossing the Fermi level at K = 2π/3a; and 
NM-ZGNR is a semimetallic with zero bandgap.

The existence of edge magnetic ordering at GS-ZGNR 
has been considered as a basis for novel spintronics devices. 
However, the length of this magnetic ordering, or the spin 
correlation length, is limited at finite temperature due to the 
unstable 1D spin ordering. Yazyev et al. have predicted that 
the spin correlation length in a clean ZGNR is inversely pro-
portional to temperature and the value of spin correlation 
length at room temperature is around 1 nm [92]. To overcome 
this temperature-related limitation, magnetic anisotropy aris-
ing from substrate effects or edge-terminated heavy metals 
can be utilized to enhance the spin ordering. As a result, spin 
correlation length at the scale of several tens of nanometer 
at finite temperature may be realized for spintronic applica-
tions. Rhim and Moon have investigated the spin stiffness of 
the ZGNR as a function of the lateral electric field [93]. They 
have found that the spin stiffness of the system shows a non-
monotonic dependence on the lateral electric field and a cusp 
at the critical value of the lateral electric field.

Because of the antiferromagnetic coupling between the 
magnetic zigzag edge states, the net magnetism in the ground 
state of a ZGNR is zero, which agrees with Lieb’s theorem 
of zero net magnetization for equal bipartite (A, B) sublattice 
structures. Several interesting methods have been proposed 
to introduce magnetism in ZGNRs. Topsakal et al. have pro-
posed a repeated heterostructure of ZGNRs with different 
widths that can form multiple quantum well structures, in 
which edge states of specific spin directions can be confined, 

and the magnetic ground state of whole heterostructure may 
change from antiferromagnetic to ferrimagnetic in specific 
geometries, in which the spin-down states remain distributed 
at the flat edge of the superlattice, while spin-up states are 
predominantly confined at the opposite edge of the wide seg-
ments [94]. The magnetism comes from confinement of states 
and absence of reflection symmetry, which breaks the sym-
metry between spin-up and spin-down edge states. The net 
magnetic moment is calculated to be 2μB, which agrees well 
with Lieb’s theorem by counting the difference of the number 
of A,B sublattice atoms.

Besides, Sawada et al. have reported that the magnetic 
phase of the ZGNR can be controlled by injecting carriers 
[95]. As the carrier density increases, the magnetic coupling 
can change from antiferromagnetic coupling to ferromagnetic 
coupling. As shown in Figure 26.11, the phase transition (an 
antiparallel interedge spin state → a canted interedge spin 
state → a parallel interedge spin state) occurs when |x| (x is 
carrier doping concentration) increases from 0 to 0.24 e/nm. 
The stable phase transition at a given carrier doping concen-
tration is determined by the minimum of interedge exchange 
coupling Ex(θ), which is the total energy difference between 
the ground state and the carrier doping state.

ZGNRs show strong potential for creating spin polarized 
currents. Son et al. have predicted the half-metallic property 
of ZGNRs in the presence of a sufficiently large transverse 
electric field [96]. Half-metallic materials are unique because 
their conducting electrons are 100% spin-polarized, mak-
ing them ideal for spintronic applications. Using an electric 
field, instead of the magnetic field, to manipulate the spin 
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FIGURE 26.10 Band structures of ZGNRs in (a) nonmagnetic state, (b) antiferromagnetically coupled ground state, and (c) ferromag-
netically coupled magnetized state. (The results are benchmarked with Y.-W. Son, M.L. Cohen, S.G. Louie, Physical Review Letters, 
97;2006:216803; M. Zeng et al. Physical Review B, 83;2011:115427.)
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polarization of carriers is particularly useful for spintronic 
applications because the requirement of magnetic fields usu-
ally involves large pieces of components, which makes the 
production of small devices difficult. In Son’s proposal [96], 
the applied transverse electric fields can induce opposite 
energy-level shifts for the spatially separated spin polarized 
edge states. As a result, the energies for localized edge states 
on one side are shifted upward and those on the other side 
downward, eventually leaving states of only one spin ori-
entation at EF (Figure 26.12b). The critical electric field for 
achieving half-metallicity in ZGNRs decreases as the width 
increases. For a ZGNR with width of 67.2 Å, the critical 
electric field is around 0.045 V/Å. The requirement of very 
large electrical field in Son’s proposed devices is difficult to 
realize. An approach to reduce the critical electric field for 
half-metallic ZGNRs is to select the edge functional group. 
Hod et al. have reported that edge oxidation can effectively 
lower the onset electric field required to induce half-metallic 
behavior [19]. The oxidation groups include hydroxyl, lac-
tone, and ketone. ZGNRs with these edge functional groups 
are more stable than hydrogen-terminated ones. Even though 
these edge functional groups are unable to change the anti-
ferromagnetic ground state of ZGNRs, they can effectively 
lower the critical electric field required to induce half-metal-
lic behavior. More interestingly, the requirement of a trans-
verse electric field may be eliminated with a suitable choice 
of the edge functional group. For example, Kang et al. have 

investigated an asymmetrical ZGNR in which sp3-like C–H2 
group terminates at one edge while sp2-like C–H terminates at 
the other [97]. Molecular dynamics simulations further show 
that H2-ZGNRs-H is stable under room temperature. Even 
though H2-ZGNR-H is a ferromagnetic semiconductor at its 
ground state, half-metallic H2-ZGNR-H can be achieved by 
p-type or n-type doping. Boron and nitrogen are used as dop-
ants for p- and n-type doping, respectively.

Localized spin-polarized edge states and edge magne-
tism are absent in AGNRs. However, quantum-Hall-like 
edge states can be induced by applying an external magnetic 
field to AGNRs. For a magnetic field 

�
B Bz= ( , , )0 0 , the mag-

netic flux passing through each hexagonal ring of the honey-
comb carbon structure can be expressed by a dimensionless 
quantity φ = qSB hz / , where S is the area of the hexagon. The 
magnetic field induces a vector potential A B yz

��
= −( , , ),0 0  

which satisfies ∇ × =A B
�� ��

. Following Peierls phase approxi-
mation, the tight-binding hopping integral between neigh-
boring atoms acquires a phase. Therefore, a finite magnetic 
field can distort the Bloch wavefunction of AGNRs. 
Moreover, electrons in AGNRs can be constrained by the 
applied magnetic field to a cyclotron motion. As the B-field 
increases, the cyclotron radius of the electron decreases. The 
dispersionless Landau levels and edge states are developed 
while the ribbon width is wide enough to be comparable to 
the cyclotron radius. Wu et  al. [98] have investigated the 
effect of the period and the strength of a spatially modulated 
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perpendicular magnetic field on the electronic structure of 
AGNRs with different widths, N = 27 and 26, which repre-
sent semiconducting and metallic AGNRs, respectively. The 
modulated magnetic field modifies energy dispersions (band 
curvatures or effective masses), as well as subband spacing 

and energy gaps. The bandgap is narrowed when the mag-
netic field is applied to N = 27 semiconducting AGNR. For 
N = 26 metallic AGNR under an applied magnetic field, the 
linear bands at EF = 0 are separated into two parabolic bands 
and a bandgap is derived. As shown in Figure 26.13, Kumar 
et al. [99] have calculated the band structure and the con-
ductance of AGNRs under a perpendicular B-field and found 
that the MR effect is originated from the narrowed band-
gap. They have also revealed that the AGNRs with number 
of dimers, N = 3p + 1, show the largest bandgap variation, 
and hence, the most promising MR ratio (see Figure 26.14) 
[99]. Besides, they have also studied the spatial distributions 
of electrons under a moderate magnetic field to obtain the 
insights of the various signature Hall effects in disordered 
AGNRs [85].
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FIGURE 26.12 (a) An AFM coupling between the occupied localized spin polarized edge states in the absence of an applied electric field. 
(b) Applying a transverse electric field moves the energy band on both edges, but in an opposite direction. As a consequence, half-metallic 
ZGNRs, that is, conducting to electrons of one spin orientation, but insulating to those of the opposite orientation, can be realized. (Adapted 
from Y.-W. Son, M.L. Cohen, S.G. Louie, Nature, 444;2006:347–349.)

B (T)
0

0 200

0 25

0

0.00

0.15

0.1

0.2

50 100
10 nm+

7 nm+
AGNR1(10.9 nm)
AGNR2(10.8 nm)

AGNR1(7.5 nm)
AGNR-

1,2,3
AGNR2(7.4 nm)

Na

Ly (nm)

E g (
eV

) ΔE
g (

eV
)

FIGURE 26.14 The bandgap variation as a function of applied 
B-field in two types of AGNRs. The inset shows ΔEg = Eg(B = 0T) − Eg 
(B = 50T) as a function of the ribbon width. (Adapted from S.B. 
Kumar et al. Journal of Applied Physics, 108;2010: 033709.)

Energy
0

0

1

2

3

4

EF = 0

Eg (B = 0)

g  (g
0)

−EY1’ EY1’
−EY1 EY1

Na

Lx

Ly

0

MR
effect

B = 0
B > 0

(a)

(b)

k a(
π)

y
x

1
2
3

FIGURE 26.13 (a) Schematic of AGNRs. (b) The conductance 
and band structure of AGNRs. An applied B-field can reduce the 
bandgap and tune the conductance of AGNRs, indicating a MR 
effect. (Adapted from S.B. Kumar et al. Journal of Applied Physics, 
108;2010:033709.)



416 Graphene Science Handbook

26.3.3  thermaL and thermoeLectric 
properties for Gnrs

Compared to graphene, the thermal conductivity of GNR 
decreases significantly due to dimensional confinement. On 
experimental side, Murali et al. have extracted the thermal 
conductivity of more than 1000 W m−1 K−1 at self-heated tem-
peratures of 700–800°C for sub-20 nm GNRs during the mea-
surement of the breakdown current density of GNRs using 
electrical self-heating method [100]. At room temperatures, 
much lower values of the thermal conductivity of ~80 W m−1 
K−1 for ~15 nm wide GNR [101] and ~100 W m−1 K−1 for 
~65 nm wide GNR [102] are reported using similar method. 
The experiments have demonstrated that heat flow is sensitive 
to the ribbon width and edge disorder for substrate-supported 
GNRs. There are also many theoretical works on thermal 
conductivity of GNRs in nanoscale, such as those using MD 
simulation [103–107], NEGF approach [108–112], and BTE 
method [113,114]. The thermal conductivities obtained in MD 
simulations are in the same order with experimental results at 
room temperature as shown in Table 26.2.

Munoz et al. [107] have presented a theoretical model to 
estimate the ballistic thermal conductance limit of GNRs with 
finite width. At low temperature, a power law is proposed for 
the ballistic thermal conductance of ~Tβ, where β = 1 for nar-
row ribbons and β = 1.5 for a large graphene sheet. The analysis 
for graphene is in good agreement with the results previously 
obtained in [75] for the ballistic limit of both lattice thermal 
conductance and electron thermal conductance. It is found that 
thermal conductivity is very sensitive to edge types, and the 
dependence on width is different. In addition, the edge rough-
ness and tensile/compressive uniaxial strain of GNRs reduce 
the thermal conductivity by a significant amount due to phonon 
scatterings. For example, Hu et al. [103] have investigated the 
effects of edge chirality and found that ZGNRs have apprecia-
bly larger thermal conductivity than AGNRs, and the thermal 
conductivity increases monotonically with temperature. The 
NEGF method is also employed by several groups to study the 

thermal transport in nanoscale taking into account the quantum 
effect. Coupled with the Naval Research Laboratory tight-bind 
method to accurately describe the elastic constants and phonon 
dispersion of carbon systems, Lan et al. [108] have found that 
thermal transport properties of GNRs are strongly dependent 
on their widths described by the number of atoms (N) along 
the direction perpendicular to the ribbon axis with a thresh-
old of N = 12. The quantized thermal transport is destroyed 
when n < 12, and the thermal conductance is suppressed sig-
nificantly. At N = 2, a perfectly quantized thermal transport is 
restored with a zero transmission bandgap when the narrowest 
GNR is sandwiched between two wide GNR leads. The NEGF 
approaches combined with first principles are used to study the 
effect of edge hydrogen passivation, which modifies the atomic 
structure and phonon transport differently for the AGNR and 
ZGNR as reported in [110]. Using similar method, Jiang et al. 
[111] have demonstrated the dependence on defect position. The 
thermal conductance is suppressed greatly for inner vacancy 
defects due to the formation of a saddle-like surface, but it 
is reduced slightly for edge vacancy defects, which only cre-
ate reconstructions of the edge. In addition, it is insensitive to 
the position of silicon substitution defect. Employing 4NNFC 
model combined with NEGF, the geometrical and roughness 
effect on AGNR is studied by Karamitaheri et al. [112], and an 
analytical model is developed to interpret the numerical results.

Another interesting property related to thermal transport 
is the thermoelectric effect, which can generate electrical 
energy from waste heat, which is normally lost to environ-
ment and conversely cool down heat when a voltage gradi-
ent is applied [115]. The efficiency of the conversion between 
energy and heat is measured by a dimensionless figure of 
merit, ZT S T p e= +2σ κ κ/( ), where S, σ, T, κp, and κe denote 
the Seebeck coefficient, electrical conductivity, absolute tem-
perature, lattice thermal conductivity, and electron thermal 
conductivity, respectively [116]. The difficulty of maximizing 
ZT lies in the fact that the above parameters are interdepen-
dent [20], so it is not easy to alter one without affecting the 
others. To obtain a high ZT, the material should have high S 
and σ, but low κ. Due to quantum confinement, low-dimen-
sional structure is one potential candidate for advanced ther-
moelectric materials, such as 1D semiconducting nanowires 
[117–119]. With excellent electronic properties and reduced 
phonon conductivity, GNR can also be considered as a prom-
ising candidate for thermoelectric material.

Many theoretical works have studied the thermoelectric 
properties of different GNR structures, mostly using the 
NEGF method. As discussed in Section 26.3.1, the bandgaps 
of AGNRs depend on their widths, but all ZGNRs have very 
small bandgaps. Hence, the width dependence on thermoelec-
tric performance is observed for AGNRs, but not for ZGNRs. 
AGNRs of 3p and 3p + 1 family are semiconducting; there-
fore, more suitable to be thermoelectric materials. Ouyang 
et al. [120] have shown that N = 15 AGNR has much better 
thermoelectric performance than 2D graphene even though 
the peak value of ZT is still below 1. The width dependence 
follows AGNR’s family behavior, while the thermoelectric 

TABLE 26.2
Summary of Thermal Conductivities Obtained by 
Experiments and MD Simulations for GNRs

Reference

Thermal 
Conductivity 
(W m−1 K−1) GNR Type

Width 
(nm)

Length 
(nm)

Experiment [101] ~80 – ~15 200–700

Experiment [102] ~100 – ~65 260

Simulation [104] 218 AGNR ~2 11

Simulation [104] 472 ZGNR ~2 11

Simulation [105] ~500 Rough A/ZGNR ~2 10

Simulation [105] ~3000 Smooth A/ZGNR ~2 10

Simulation [106] 16.2 Rough ZGNR ~1 78.7

Simulation [106] 147 Smooth ZGNR ~1 78.7
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performance of all ZGNRs is similar and their ZT is smaller 
[121]. Other than perfect GNR structures, significant effects 
of defect [120,122], disorder [87], strain [123], and magnetic 
field [122] have also been studied for AGNRs. When intro-
ducing vacancies and edge defects, the electronic transport 
is degraded, but κp is greatly suppressed, resulting in higher 
ZT values. Ni et al. [87] have reported that ZT of AGNRs can 
be enhanced five times by randomly introducing hydrogen 
vacancies, and the imperfect saturation of the hydrogen–car-
bon bonds can remarkably reduce κp without degrading the 
electronic transport in a great amount. However, the tensile 
strain increases ZT for AGNRs of 3p and 3p + 2 families 
mainly due to the increase in electronic transport. Similarly 
for ZGNRs, engineering design steps, such as extended line 
defects and edge roughness, can be introduced to enhance the 
thermoelectric performance by improving σ and S , or sup-
pressing κp [124,125]. The engineering methods to enhance 
ZT for GNRs are summarized in Table 26.3.

Because of the advancements in experimental process for 
fabricating precise and complex shapes of GNR structures, 
the thermoelectric performances are also studied for GNRs 
with mixed structures, like junction [126–128], stub [129], 
resonant tunneling [130], and assembled kinked structures 
[131–134]. Across the GNR junction, the thermoelectric per-
formance is mainly controlled by the narrower part of the 
junction [126]. Pan et al. [127] have demonstrated that the 
reduction in κp is due to the mismatched interface, and the 
electronic transport is very sensitive to geometrical param-
eters that the zigzag-edge two-side dogbone junction shows 
the highest ZT exceeding 0.9. The kinked GNRs, also called 
graphene nanowiggles, have better thermoelectric perfor-
mance than their pristine straight GNR counterparts. Figure 
26.15 [131] shows some possible kinked GNR structures con-
nected with AGNR or ZGNR segments with different angles. 
Huang et al. [131] have shown that with the presence of kink 
structures, thermoelectric properties are less sensitive to edge 
geometries, which may be preferable in fabrication. In con-
trast to GNR bandgap behaviors, first peak of ZT (ZTmax) of 
kinked AA-GNRs increases as the kinked width decreases, 
while that of kinked ZZ-GNRs is oscillatory. In addition, the 
structures with smaller width of the connecting segments have 
better performance among various hybridized kinked GNRs 
with different connecting segments and angles, and structures 
with two ZGNR segments connected by 120° result in larger 
ZTmax, but structures with a horizontal ZGNR segment have 
smaller ZTmax. In addition, by introducing elastic strain and 
structural dislocation, Liang et al. [133] have found that ZT 
can be further increased to values beyond 1.

26.4 SUMMARY

In summary, in this chapter, we review the fundamental insights 
in graphene and GNRs including electronic band structure, 
phonon dispersion relation, spin polarization, and magnetism 

TABLE 26.3
Summary of Methods to Enhance Zt of GNRs

Reference Method
Type of 
GNR

Maximum 
Zt 

Attainable Mechanism

[87] Hydrogen 
vacancies

AGNR ~5.8 Suppressing κp

[122] Defects AGNR ~0.2 Suppressing κp

[122] Magnetic field AGNR ~0.3 Improving σ 
and S

[123] Tensile strain AGNR ~0.7 Improving σ
[124] Edge disorder ZGNR ~4 Suppressing κp

[125] Line defects 
with impurities 
and roughness

ZGNR ~5 Suppressing κp
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properties as well as transport characteristics. Graphene has 
become an interesting material in various research fields 
because of its strong in-plane sp2 σ-bonds with its nearest neigh-
bors and an out-of-plane dangling π-bond at each site in its 2D 
hexagonal lattice. The resulting linear relation at K points in 
the electron structure can be described by Dirac equation with 
massless condition. Then, based on this linear band relation, 
we give detailed derivation from π orbital tight-binding model 
to the simple Dirac equation, and discuss several interesting 
and unique phenomenon in graphene, such as negative refrac-
tion, Klein tunneling, and QHE. Furthermore, the fundamental 
properties of graphene such as density of states and conductiv-
ity in the presence of different scattering mechanisms (ballistic, 
ion impurities, and lattice vibrations) are also discussed. Lastly, 
heat conduction of graphene and the grain boundary effects are 
also briefly introduced to comprehensively expound the funda-
mentals of graphene. Next, we also discuss the details of the 
electronic structure of GNRs, a 1D strip cut from graphene. 
Due to spatial confinement effects, GNRs can exhibit either 
semiconducting or metallic behavior according to their chiral-
ity. Most interestingly, an external electrical and magnetic field 
is able to modulate GNRs’ properties, for example change them 
from the normal metals to ferromagnets or half metals. Besides, 
due to its n = 0 Landau level, the carrier conductivity can be 
modulated by the magnetic fields, a so-called magnetoresis-
tance or magnetoconductance effect. These unique behaviors 
can be implemented in spintronic device applications. Finally, 
we also briefly discuss the phonon dispersion relations of vari-
ous shapes of GNRs. The capability to change shape of GNRs 
begets the possibility of controlling their heat conductance and 
its possible application in thermal dissipation and thermoelec-
tric devices. All of the unique characteristics of graphene and 
GNRs stimulate the device engineering community to look for 
potential applications for future devices. For a detailed discus-
sion regarding this, interested readers may refer Chapter 19 in 
Volume 6 of this book series.
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27 Graphene-Enabled Heterostructures
Role in Future-Generation Carbon Electronics

Nikhil Jain and Bin Yu

ABSTRACT

Since being discovered in 2004, graphene has crossed sev-
eral barriers to emerge as the frontrunner to potentially take 
the integrated chip fabrication technology forward in the 
post-silicon era. While graphene has been reported to have 
exceptional electrical, thermal, and electromechanical prop-
erties, significant impacts of the nonideal substrate (e.g., SiO2) 
on key material properties limit the potential applications of 
graphene in nanoelectronics. In this chapter, hexagonal boron 
nitride (h-BN) is explored as an alternative substrate mate-
rial for graphene-based electronics. Improvements in electri-
cal behavior (carrier mobility and electrical conduction) and 
reliability (maximum current and power density) of devices 
fabricated using graphene/h-BN heterostructures have been 
demonstrated in comparison with the graphene/SiO2 stack. It 
is noted that h-BN is not only an ideal substrate for graphene 
field effect transistors (GFETs)/interconnects, but also acts 
as a robust gate dielectric in GFETs). Moreover, owing to its 
superb thermal conductivity, h-BN is shown to act as a heat 
sink, thereby improving the graphene breakdown threshold. 
The viable graphene/h-BN heterostructures pave the way for 

realizing the true potential of graphene as both active and pas-
sive components in nanoelectronics.

27.1 INTRODUCTION

The structure of graphene shows a honeycomb lattice of sp2-
bonded carbon atoms in layered two-dimensional form [1]. 
From being a material that was not supposed to exist [2] to 
being the “rising star” [3], graphene has shown great poten-
tial in future generation electronics owing to its exceptional 
physical properties, namely high electrical and thermal con-
duction, high mechanical strength, transparency, and linear 
E–k dispersion near the Dirac point [4]. While several reports 
have demonstrated transistors [5] and interconnects [6] made 
by monolayer and multilayer graphene, concerns exist on 
adverse effects of the substrate/gate dielectric (primarily 
SiO2) on graphene’s electrical behavior (e.g., carrier mobility 
and current density) [7]. Most notably, the hexagonal lattice 
symmetry of the graphene lattice is believed to be broken due 
to the presence of spatially dependent perturbations resulting 
in conformation of graphene to the top surface of the SiO2 
substrate [8]. Additionally, at room temperature, extrinsic 
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scattering by surface phonons at the graphene–substrate inter-
face imposes a limit on the carrier mobility in graphene [9]. 
One approach initially explored was suspending the graphene 
on trenches made in SiO2, resulting in exceptional carrier 
transport properties, that is, low-temperature mobility as high 
as 200,000 cm2 V−1 s−1 at carrier densities below 5 × 09 cm−2 
[10]. Alternative approaches have included in situ growth of 
graphene on insulating substrates like SiC [11]. However, it 
leads to mechanical strain due to lattice mismatch that causes 
degradation of graphene’s performance [12]. Additionally, 
SiC substrates are expensive and not practical for manufac-
turing uses.

Recently, hexagonal boron nitride (h-BN), an isomorph of 
graphene (lattice constant mismatch ~1.7% with graphene) 
has been shown as an excellent substitute to SiO2 as the sub-
strate and gate dielectric/passivation material for graphene-
based FETs and interconnects [13,14]. Hexagonal boron 
nitride is a chemically inert material, and its layered crystal-
line structure allows for an atomically smooth surface that is 
free of dangling bonds. Consequently, when acting as a sub-
strate, h-BN helps to suppress the rippling effect in graphene. 
Since graphene conduction is adversely affected because of 
scattering originating from the resonance of its carriers with 
the substrate phonons, it is critical that h-BN’s optical pho-
non energy is twice that of SiO2 that results in lesser scat-
tering related transport degradation [13]. Additionally, h-BN 
is a wide bandgap insulator (EG = 5.97 eV) and a medium-K 
dielectric (ε ≈ 4) allowing its use as a gate dielectric mate-
rial in graphene transistors [15]. High thermal conductivity 
of h-BN allows it to act as a heat sink, thereby reducing heat-
induced failure and improving power dissipation at break-
down in graphene [16].

We observed excellent improvement in graphene conduc-
tion and mobility while studying graphene/h-BN heterostruc-
tures. The devices are also more robust with improvement in 
both breakdown electrical current and power density. Another 
issue affecting transport in graphene is the adsorption of water 
and oxygen molecules. The charged molecules can create large 
electric fields (e.g., up to ~109 V m−1). The presence of such 
strong electric field on the surface of graphene can result in 
band-gap opening and strong scattering of the charge carriers, 
resulting in reduced current-carrying capability of the device 
[17,18]. A top layer of h-BN allows for encapsulation of gra-
phene shielding it from the negative impact of environmental 
adsorbates [19]. A novel technique is described in this chap-
ter for fabrication of h-BN/graphene/h-BN heterostructures. 
It is observed that encapsulated graphene can support much 
higher current density compared with uncovered graphene 
without any clear mobility degradation. Furthermore, the 
breakdown power density in encapsulated graphene is almost 
doubled. Improved electrical performance of graphene when 
using h-BN in its direct vicinity has opened up a new field of 
graphene-enabled heterostructures where pristine properties 
of graphene can be potentially exploited for future genera-
tion electronics. This chapter provides a basic understanding 
of the fabrication and characterization of graphene/h-BN and 
h-BN/graphene/h-BN heterostructures.

27.2 FABRICATION SCHEME

27.2.1 Graphene Growth and transfer

Chemical vapor deposition (CVD) method has been adopted 
to obtain monolayer graphene. Alfa Aesar Cu foil (99.999% 
pure; 25 μm thick) is sectioned into rectangular pieces 
(1 cm × 5 cm) and native copper oxide is dissolved in acetic 
acid (CH3COOH) for 15 min. The copper strips are loaded 
in a CVD tube furnace for graphene growth. The process 
involves raising the temperature slowly to 1000°C in an Ar 
(80 sccm) + H2 (4.5 sccm) environment. Once the temperature 
is reached, Cu is annealed for 60 min. At this point, methane 
(CH4, 30 sccm) is introduced into the chamber that acts as 
the carbon source because, at high temperature, CH4 decom-
poses into carbon and hydrogen while Cu acts at a catalyst for 
graphene growth [20]. After cooling-down, the Cu strip with 
graphene is coated with PMMA and annealed on a hot plate. 
At this point, small pieces of the Cu/graphene/PMMA stack 
were cut and placed over the surface of iron chloride solution 
that etches away the Cu, leaving the graphene/PMMA bilayer 
floating on top of the solution. The graphene was cleaned by 
repeatedly washing in deionized water and then transferred 
onto the target substrate. The PMMA is dissolved by warm 
acetone (65°C).

27.2.2 device faBrication processinG

Si/SiO2 substrate is used as the starting point for creation of 
graphene/h-BN nanostack. While interconnects are fabricated 
on a Si/SiO2 substrate, FETs are made on a Si/SiO2 substrate 
with buried gates of TiN. Figure 27.1 shows a schematic of the 
cross-section of both configurations.

The fabrication scheme is shown in Figure 27.2a 
for graphene/h-BN interconnects and Figure 27.2b for 
graphene/h-BN FETs. The creation of buried gates allows 
the use of h-BN as not just a substrate but also as the gate 
dielectric avoiding any SiO2 in the gate stack (which would 
otherwise be a part of the gate stack if using bottom Si as 
the gate). Starting point is a bare Si wafer that is covered 
with a uniform 100 nm thick SiO2 layer by thermal oxida-
tion. This results in an oxide layer on the front-side as well 
as the back-side of the wafer. The back-side oxide is etched 
away with hydrofluoric acid (HF). The top oxide is patterned 
using DUV lithography to create 250 nm wide lines con-
nected with bond pads (50 × 50 μm). Once again HF is used 
for etching to create trenches that are 50 nm deep. In the fol-
lowing step, 200 nm TiN is deposited on the wafer followed 
by chemical mechanical planarization (CMP), which results 
in a smooth surface with TiN-filled trenches exposed at the 
top. Another step of DUV lithography results in a pattern 
for e-beam alignment marks (necessary for e-beam pattern-
ing later). Metal (Au) deposition in these patterns is done 
using an e-beam evaporator at high vacuum followed by lift-
off in warm acetone (60°C). For interconnects, there is no 
need for buried gates, so the steps creating TiN trenches are 
avoided as shown in Figure 27.2b. Once the wafer is ready 
with e-beam alignment marks, h-BN is exfoliated using the 
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scotch-tape method. Using an optical microscope, thin flakes 
(<20 nm) that are crossing over the metal trench are identi-
fied. Graphene is transferred over the substrate at this stage. 
To pattern graphene, a double layer of e-beam resists is used. 
PMMA A2 is spun-coated on the substrate at 2000 rpm fol-
lowed by a 1 min bake at 180°C. This is followed by spin-
coating of HSQ resist at 4000 rpm and 1 min bake at 150°C. 
The resulting bilayer resist is patterned with e-beam lithog-
raphy. Since HSQ is a negative resist, after developing in 
CD-26 for 2 min, HSQ (with PMMA underneath) stays back 

only at the exposed regions. The unexposed HSQ is washed 
away leaving behind PMMA on the rest of the substrate. The 
sample is then kept in O2 plasma (10 sccm O2 at 37 W) for 
2 min in a micro RIE chamber. This results in the forma-
tion of a h-BN/graphene/PMMA/HSQ stack at sites that were 
exposed with e-beam. After keeping the sample in an acetone 
bath for 2 h, PMMA dissolves and lifts-off exposed HSQ 
leaving behind the graphene/h-BN structure. Another step of 
e-beam patterning and metallization results in the formation 
of Ti/Au contacts to graphene.
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FIGURE 27.1 Schematic representation of graphene/h-BN interconnects and FETs.
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27.3 CHARACTERIZATION METHODS

27.3.1 opticaL microscopy

Two-dimensional materials are very thin (single or few lay-
ered), which causes difficulty in viewing them under the 
optical microscope. This makes it imperative to select the 
correct substrate oxide thickness for identifying thin flakes 
of the layered material under investigation. Since the mate-
rial is essentially transparent, it adds up to the optical path of 
the incident light, thereby resulting in a slight contrast com-
pared to the bare wafer. For graphene, it has been shown that 
the contrast is best for oxide thickness of 300 and 100 nm 
[21]. Simulations conducted in our lab have shown the cor-
responding oxide thicknesses of 70 and 250 nm for viewing 
h-BN on SiO2. The details of these simulations are omitted for 
the purpose of brevity. For this study, 100 nm oxide thickness 
was used (instead of 70 nm) since the wafers were available as 
part of graphene study. The sample images of h-BN flakes on 
100 nm SiO2 are shown in Figure 27.3.

27.3.2 raman spectroscopy

Raman spectroscopy is the single most efficient way of estab-
lishing the thickness and quality of graphene and other 2-D 
materials. Monolayer graphene (MLG) has a characteristic 
Raman spectrum and so does h-BN. The Raman spectrum 
was obtained with a Horiba Scientific micro-Raman system. 
A 532 nm laser (2.33 eV) was used as the excitation source. 
Laser power is kept below 0.1 mW to avoid laser-induced 
heating of the sample. A 1 μm laser spot size at focus was 
obtained with a 100 × objective lens (NA = 0.95). Since gra-
phene is sitting on a flake of h-BN, the resulting Raman sig-
nal is a superposition of the typical individual spectra of both 
materials. Figure 27.4 shows the Raman spectrum obtained 
from the graphene/h-BN sample. All the G- and D-mode fea-
tures were adequately fitted with a Lorentzian component of 
the Voigt profiles (fitting curves not shown). The CVD-grown 
graphene on h-BN shows distinct G and 2D peaks and a char-
acteristic h-BN peak along with a weak D peak. The G peak is 
associated with the doubly degenerate (iTO and LO) phonon 
modes (E2g symmetry) at the Brillouin zone center. It comes 

from the normal first-order Raman scattering process in gra-
phene. The D and 2D peaks originate from the second-order 
process. The D peak comes from the involvement of one iTO 
phonon and one defect while the 2D peak involves two iTO 
phonons. The sharpness/height of the D peak indicates the 
defect level in graphene. A small/weak D peak signal indi-
cates defect-free graphene. The h-BN peak occurs around 
1366 cm−1. We observed the ratio of the intensity of the 2D 
peak and the G-peak (I2D/IG) to be approximately equal to 
5.09. This confirms the presence of monolayer graphene of 
good quality.

27.3.3 scanninG eLectron microscopy

The response of graphene (and h-BN) to secondary elec-
trons is very similar to the way it responds to incident light. 
Correspondingly, it is observed that graphene and h-BN 
are only faintly visible in scanning electron microscopy 
(SEM). Nevertheless, it is a useful metrology technique for 
graphene enabled heterostructures. An SEM micrograph 
of a graphene/h-BN nanostack on a TiN trench is shown in 
Figure 27.5.
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FIGURE 27.3 Optical microscope image of a thin h-BN flake.
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27.3.4 atomic force microscopy

Thickness measurements of the thin flakes are done using 
atomic force microscopy (AFM) line scan. In particular, 
MLG as well as monolayer h-BN are 0.33 nm thick. We do not 
use monolayer h-BN as it is expected to be a leaky dielectric. 
The minimum thickness of h-BN used in this study is 14 nm 
as shown in Figure 27.6. Since the oxygen plasma etches h-BN 
as well as graphene, the resulting graphene/h-BN nanostack 
is surrounded by a region where h-BN is partially etched. To 
take h-BN thickness measurements, a line scan going across 
from top of graphene to bare SiO2 is necessary. It can be 
observed from the AFM plot that the eroded h-BN surface is 
quite rough, which could be a result of oxygen damage in RIE.

27.3.5 eLectricaL characterization

The devices were tested in an Agilent B1500A Semiconductor 
Parameter Analyzer using a Lakeshore probe station that is 
equipped with a high vacuum turbo pump. The devices were 
tested at room temperature.

27.4 SAMPLE CLEANING METHODS

27.4.1 pretestinG thermaL anneaL

The fabricated chip is annealed in a tube furnace at 700 mTorr 
in an Ar + H2 environment for 5 h at 300°C. Processing steps 
like graphene transfer and e-beam lithography are known to 
leave behind resist residues (PMMA) on the surface of gra-
phene. Moreover, oxygen and water molecules adhering to 
graphene surface can be removed by this process. This results 
in a sharp rise in current conduction capability of the gra-
phene device as shown in Figure 27.7, where it is observed that 
the current has increased by almost four orders of magnitude 
as a direct consequence of thermal annealing.

27.4.2 eLectricaL stress anneaLinG

This has been a reported technique to reduce contact resis-
tance and graphene resistivity by cleaning up graphene–
substrate interface [22]. Graphene is known to breakdown 
permanently, when the voltage applied across it increases a 
certain value, defined as Vbreak and is shown in Figure 27.8. 
For electrical-stress-induced annealing, voltage across the 
device is ramped up to a predetermined value (smaller than 
Vbreak) at a controlled rate, while the current is measured. To 
further illustrate the impact of this process, resistance ver-
sus gate voltage (R − Vg) characteristics are measured after 
each step of electrical stressing. The value of resistance is the 
total device resistance also known as Rtotal. It consists of two 
parts, the channel resistance (Rch) and the contact resistance 
(RC). The resistance of graphene is a function of gate voltage, 
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whereas the contact resistance is a function of the metal/gra-
phene interface quality. For the purpose of this study, we can 
assume that RC is a constant. It can be estimated by looking 
at the valley region of the curve (“far away” from change 
neutrality point), where the channel resistance is negligible 
and the major contribution comes from the metal/graphene 
contacts. When this value is removed from Rtotal, the Rch − Vg 
characteristics are obtained. Further calculation of resistivity 
requires the knowledge of the physical dimensions (length L 
and width W) of the graphene channel, assuming the thick-
ness (t) of monolayer graphene sheet is ~0.34 nm. The resis-
tivity (ρ) can then be given by ρ = RchWt/L. Since W, t, and L 
are constants for a device, Rch − Vg can be converted to ρ − Vg 
characteristics. This plot is shown in Figure 27.9 for several 
values of electrical stress annealing voltage. The Dirac peak 
location provides a reasonable approximation of the doping 
level in the graphene channel. A positive Dirac bias indicates 
a p-type doping behavior in graphene resulting from a posi-
tive shift in the Fermi level. This can be explained by the fact 
that graphene’s work function (4.48 eV) is smaller than that 
of TiN (5.3 eV), which results in the formation of a potential 
difference across the thin h-BN dielectric. Even though h-BN 
screens a part of this potential by forming dipoles (result-
ing from interface traps) at the interfaces with TiN as well 
as with graphene [23], the screening is incomplete due to the 
absence of many such trap states that can help in the creation 
of dipoles. The remaining charge is balanced by trapping 
some of graphene’s electrons resulting in hole-dominated car-
rier transport behavior in graphene (also known as p-doping).

It can also be observed that when the stressing voltage is 
low, the ρ − Vg plot shows a slight downward shift. This can 
be attributed to cleaning up of the graphene channel caused 
by desorption of impurities from the surface due to the Joule 
heating effect of the current passing through graphene. At 
sufficiently high voltage, the channel becomes fairly clean 
and further increase in stressing voltage results in left shift 
of the Dirac peak along with the lowering of the maximum 

resistivity. This observation has its origins in charge carrier 
trapping/release from the interfacial traps due to the impact 
of the stressing voltage. Additionally, with the h-BN flake 
being thin, high value of stress voltage can even pull in deep 
level trapped charges from underlying SiO2 substrate as well 
as electrons from the gate metal [24]. This results in availabil-
ity of more charge carriers in the channel while also making 
the channel n-doped. Depending on the application, this is a 
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useful method of altering the graphene conductivity at zero 
gate voltage. For instance, when using graphene as an inter-
connect material, its resistivity should be as low as possible at 
zero gate voltage, so its Dirac point can be shifted by applying 
a strong stressing voltage.

Additionally, there is a significant impact of the stressing 
voltage on the metal–graphene contact resistance as shown 
in Figure 27.10. While low values of stressing voltage show 
a minor reduction, large values of stressing voltage can result 
in appreciable improvement in terms of contact conductivity. 
An interesting observation is that when the polarity of the 
stressing voltage is switched, a further reduction in contact 
resistance is observed in the device. This improvement could 
be due to preferential cleaning of the metal/graphene inter-
face at the terminal where bias is applied. A further impact 
on resistivity indicates the introduction of carriers of opposite 
polarity being introduced from interfacial charge traps when 
the stress voltage polarity is switched.

27.5  PERFORMANCE CHARACTERIZATION 
SCHEME

27.5.1 eLectricaL performance

The ρ − Vg characteristics of graphene/h-BN device are 
compared with the exfoliated graphene and CVD graphene 
devices supported on SiO2 as shown in Figure 27.11. It can 
be observed that when no gate bias is applied, the resistiv-
ity is lowest in graphene/h-BN structure as compared with 
the CVD/exfoliated graphene on SiO2 structures. This sig-
nificant improvement is attributed to the fact that both h-BN 
and graphene have isomorphic 2D hexagonal crystal lattices 
free of dangling bonds. The stack of two 2D-layered struc-
tures leads to a low density of interfacial states, which largely 

contribute to the degradation of carrier transport in graphene/
SiO2 system.

A direct impact of this behavior is observed in the 
enhancement of carrier mobility in CVD graphene stacked 
on h-BN. Effective carrier mobility was extracted by the fol-
lowing expression, μeff = gdLG/WCoxVBG, where gd is the drain 
conductance given by gd = dID/dVDS (slope of the drain cur-
rent versus drain–source voltage, ID − VDS, curve) and Cox 
is the gate capacitance given by, Cox = εrε0/tdielectric. Here, tdi-

electric is the thickness of the gate dielectric (SiO2 + h-BN for 
Figure 27.1a, and h-BN for Figure 27.1b). Mobility is plotted 
against the effective electric field applied through the gate 
(Figure 27.12), which is then defined as the ratio of the applied 
gate voltage, Vbg and tdielectric. Observing the trend in carrier 
mobility of graphene on h-BN and SiO2 substrates, it can be 
established that the h-BN is clearly a superior substrate than 
SiO2 for high-speed and high-performance graphene-based 
circuits.

27.5.2 reLiaBiLity characterization

Graphene is known to undergo irreversible physical break-
down under high-level of electrical stress, resulting in a dis-
continuity in the sheet. This breakdown results in a drop in 
conduction current by several orders of magnitude, render-
ing device failure. Therefore, to explore the reliability limit of 
graphene, the I–V behavior needs to be explored in the near-
breakdown region. To offset the effect of different geometries 
in different samples, current density (J) is plotted as a func-
tion of the applied voltage (V) across the graphene channel. 
The breakdown event is characterized by a sudden drop in 
current as seen in Figure 27.13. It is observed that the current 
density before breakdown is higher in CVD graphene/h-BN 
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heterostructures as compared with that in the graphene/SiO2 
stack. To further investigate the breakdown characteristics of 
graphene, power density being dissipated at breakdown (PBD) 
is studied for graphene on h-BN and SiO2 substrates as shown 
in Figure 27.14. PBD is defined by PBD = JBD (VBD − JBDRC), 
where VBD and JBD are the voltage and current density at 
which graphene breakdown occurs. We observed that PBD 
is increased by over seven times in graphene/h-BN as com-
pared with graphene/SiO2. This difference can explained 
by the excellent thermal conductivity in h-BN (~600 W/mK 
in-plane and ~30 W/mK through-plane, compared to ~1 W/
mK of amorphous SiO2), which results in better heat dissipa-
tion through h-BN than that through SiO2 under the 3D heat 

spreading model for thermal-induced breakdown in graphene 
[25]. While improvement in JBD provides an initial estimate 
of the advantages of using h-BN as a substrate for graphene, 
strong improvement in PBD provides concrete evidence that 
h-BN substrate improves the performance window of gra-
phene electronics.

27.5.3 dieLectric Behavior of h-Bn

The real induction of h-BN as a substrate for graphene-based 
circuits depends not only on the properties of h-BN as a sub-
strate but also as a dielectric material. In this regard, so far 
very little work has been done on exploring the through plane 
dielectric behavior of h-BN. Based on the application, h-BN 
can have different roles. When acting as a substrate for gra-
phene FET, h-BN can also double up as a gate dielectric. In 
this configuration, h-BN is expected to avoid any leakage 
issues arising from the strong values of gate voltage. However, 
when acting as a support for graphene interconnects, it is 
also expected to shield the noise and prevent crosstalk. We 
investigate the insulating properties of the thin h-BN mul-
tilayer. In Figure 27.15, electrical current density through a 
55 nm thick h-BN multilayer (in the through-plane direction) 
is shown as a function of electric field applied in the same 
direction. The first interesting observation is that even at an 
electric field as high as 15 MV/cm, no dielectric breakdown 
is seen. This is attributed to the excellent crystallinity and 
strong B–N covalent bonding in the h-BN lattice resulting in 
a very robust dielectric behavior. Since h-BN is a layered 2D 
lattice structure with weak van der Waals forces binding the 
adjacent layers, the separation between layers is much larger 
than a typical bond length. Such a structure with no actual 
bonds in the through-plane direction makes it very difficult 
to create a conduction filament or pathway. While reports on 
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ultra-thin h-BN exhibiting Direct Tunneling (DT) at low-bias 
and Fowler–Nordheim Tunneling (FNT) at high-bias have 
been published recently [26], we observed neither DT nor 
FNT for our h-BN multilayer (ranging from 17–55 nm). At 
low bias, thin h-BN multilayer exhibits an excellent insulat-
ing behavior resulting in low leakage current density (~10−5 A/
cm2). However, as the voltage across the dielectric is ramped 
up, current density shows a sudden rise by approximately 
four orders of magnitude at a certain bias level, defined as 
Transitional Voltage, Vtrans. This tunneling does not fall under 
the category of either DT or FNT as the leakage current den-
sity stays constant as the bias is increased further.

Several samples with different h-BN thickness were tested 
to observe the trend in Vtrans in relation to dielectric thickness 
(using AFM line-scan to confirm the thickness). Figure 27.16 
shows the observed dependence of Vtrans on h-BN thickness. 
We define the electric field at Vtrans as the Critical Dielectric 
Strength (CDS), given by the slope of Vtrans versus h-BN thick-
ness curve. A linear fit indicates the slope to be ~3.4 MV/cm. 
It should be noted that while dielectric breakdown strength 
is calculated in a similar manner, CDS is a different quan-
tity as dielectric breakdown is an irreversible process mak-
ing a dielectric leaky permanently whereas even after h-BN 
experiences a voltage more than its Vtrans, it comes back to 
being a perfect insulator once the field is reduced below CDS. 
Repeating the voltage scan (0–100 V) several times does not 
bring about any change in dielectric behavior of h-BN with 
no occurrence of dielectric breakdown. The maximum cur-
rent density remains almost constant in the sub-A/cm2 level at 
high voltage bias. We present a possible mechanism to explain 
this volatile resistance switching behavior in h-BN based on 

carrier hopping theory. It is well known that impurity substi-
tution/intercalation in h-BN lattice introduces energy states in 
its wide bandgap [27–29]. At a sufficient concentration, these 
states can provide a pathway for carriers to get excited from 
the valence band and become available for carrying current. 
Moreover, since the number of states is constant depending on 
the thickness of the dielectric, the hopping current should not 
depend on the applied field across the dielectric. While higher 
electric field makes the carriers more energetic, conduction 
is limited by the density of available states. This is in accord 
with the observed dielectric behavior of h-BN. We believe 
this hopping of charge carriers through the impurity-related 
energy states could be the reason behind increased conduc-
tion through h-BN as elevated bias. At sufficiently low volt-
ages (as in normal FET operation), the carriers do not possess 
sufficient energy to overcome the hopping barrier, resulting in 
an insulating behavior. The low-leakage behavior and the high 
breakdown threshold make the thin h-BN multilayer a robust 
gate dielectric.

27.5.4 hexaGonaL Boron nitride encapsuLation

Graphene devices face a further challenge when integra-
tion on an electronic chip is considered. Graphene conduc-
tion reduces with time due to adsorption of impurities from 
the environment on to the surface. Additionally, traditional 
capping/encapsulating materials for electronic circuits are 
expected to cause severe degradation in graphene transport 
since graphene is very sensitive to its dielectric environment. 
However, since h-BN lattice is very similar to that of graphene, 
h-BN was studied as an encapsulating material for graphene 
circuits. Figure 27.17 explains the encapsulation process. 
Using magnetic stirring for 1 h at 90°C, a viscous solution of 
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FIGURE 27.16 Voltage causing transition in h-BN from insulating 
to conducting state versus dielectric thickness shows a linear trend. 
(Reprinted from Carbon, 54, Nikhil Jain et  al., Monolayer gra-
phene/hexagonal boron nitride heterostructure, 396–402, Copyright 
2013, with permission from Elsevier.)
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cellulose acetate butyrate (2 g) in ethyl acetate (15 mL) is cre-
ated. Micromechanical exfoliation of thin flakes of multilayer 
h-BN onto a SiO2/Si substrate is done followed by the iden-
tification of a useful flake with an optical microscope. Once 
the cellulose acetate butyrate (CAB) solution cools down, it is 
spin-coated on the substrate containing h-BN flakes for 60 s at 
3200 rpm. After a quick 1-min anneal at 90°C, the CAB film is 
peeled off the substrate. This results in the film carrying many 
of the h-BN flakes with it. The film is placed with h-BN flakes 
facing down on top of the target substrate that already has a 
graphene/h-BN device. Using high-resolution microscope, the 
h-BN flake is aligned with the target substrate. Subsequently, 
using a drop of ethyl acetate the CAB film is dissolved leaving 
h-BN covering the target device. It is seen that the top h-BN 
layer encapsulates the entire graphene device including the 
metal contacts to graphene. In Figure 27.18, one such encapsu-
lated graphene device is shown both schematically and in an 
optical microscope image. When compared with devices that 
do not have an encapsulating layer of h-BN, the encapsulated 
device shows a marked improvement in reliability character-
istics (current density at breakdown and breakdown power 
density) while preserving the electrical characteristics, most 
notably the contact resistance and the carrier mobility which 
are known to suffer when graphene is contacted with other 
materials or left open. The current density improvement can 
be seen in Figure 27.19 while the power density at breakdown 
enhancement is shown in Figure 27.20. This improvement 
can again be attributed to the higher thermal conductivity of 
h-BN. Since the heat generated by the operating current in 
graphene device spreads in an isotropic manner, presence of 
h-BN on both sides of graphene provides better dissipation 
than air/graphene/h-BN system.

While the reliability characteristics show a distinct 
improvement, this enhancement does not come at a cost of 
inferior electrical performance as previously suspected. In 
fact, encapsulating the device passivates the metal–graphene 
contact making it insensitive to environmental degradation. 
When measuring the contact resistance in air and in vacuum, 
no appreciable difference was observed. This is in contrast 
to increase in contact resistance when measuring the open 
devices (no top passivating layer) in air compared to vacuum 
as shown in Figure 27.21. Further analysis of graphene’s car-
rier mobility in the encapsulated system indicates very little 

reduction as shown in Figure 27.22, which is in contrast with 
previous reports on graphene encapsulation by other materials 
demonstrating appreciable reduction in carrier mobility [30]. 
Clearly, graphene passivated by h-BN on both sides performs 
better than any other known configuration so far.

27.6 SUMMARY

Compared with SiO2, h-BN is an ideal substrate for gra-
phene-based FETs and interconnects with demonstrated 
enhancement in electrical characteristics. Even CVD-
grown graphene, known for its inferior nature to exfoliated 
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FIGURE 27.18 Schematic representation and optical microscope 
image of the encapsulated graphene heterostructure.
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graphene, performs better on h-BN substrate than exfoliated 
graphene on SiO2. The observation paves the way for inte-
grating graphene with standard silicon fabrication processes. 
We also demonstrated graphene/h-BN heterostructure FET 
in a locally buried metal-gate configuration where the thin 
h-BN multilayer acts as both gate dielectric and supporting 
layer for the graphene channel. In the metal/h-BN/graphene 
FET structure, graphene shows spontaneous doping due to 
work function difference between graphene and the gate. A 
volatile resistance switching behavior is observed in h-BN, 

which does not conform to the tunneling mechanism pro-
posed in the literature for ultra-thin h-BN. We hypothesize 
a hopping mechanism through the energy states introduced 
by interfacial impurity doping/intercalation into h-BN lat-
tice to account for this abnormal conductive behavior under 
high electrical fields. No dielectric breakdown is observed 
even at very high electric field (15 MV/cm). Additionally, 
we have demonstrated that encapsulation of graphene with 
h-BN as the passivating layer improves current and power 
density without compromising on carrier mobility. Another 
advantage of graphene encapsulation is desensitization of 
the metal–graphene contact to the ambient effect. With the 
demonstrated current density in excess of 109 A/cm2 in an 
encapsulated configuration, graphene emerges as a viable 
functional material in the post-Si era.
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28 Recent Progresses and Understanding 
of Lithium Storage Behavior of 
Graphene Nanosheet Anode 
for Lithium Ion Batteries

Xifei Li and Xueliang Sun

ABSTRACT

High-performance rechargeable lithium ion batteries (LIBs) 
have been one of the most important power sources in today’s 
portable electronics and practical electric vehicle and plug-
in electric vehicle applications. However, many crucial chal-
lenges could be addressed to obtain high-performance LIBs 
for further practical applications. Since the successful isola-
tion of single graphene nanosheets via mechanical exfoliation 
in 2004 awarded the Nobel Prize in Physics in 2010, graphene 
nanosheets (GNSs), a new class of two-dimensional (one atom 
thick) carbon allotrope arranged in a hexagonal lattice with 
very strong sp2-hybridized bonds, have attracted great inter-
ests in high-performance LIBs. Owing to various remarkable 
properties including ultra-high surface area, high electrical 
conductivity, and high chemical stability, GNSs show promis-
ing advantages in the applications of high-performance LIBs. 
This chapter highlights the recent development and under-
standing of GNS anodes and their applications, including 
(i) brief synthesis methods of GNSs; (ii) detailed modifica-
tion approaches of GNSs; (iii) designs of free-standing GNS 
paper; and (iv) significant effects of various GNS anodes on 
lithium storage behavior, and thereby increased anode perfor-
mance of LIBs.

28.1 INTRODUCTION

Recently, the transition from petroleum to an electrified road 
transportation system has been a crucial and significant social 

target. The researchers have focused on developing electric 
vehicles (EVs) and plug-in hybrid electric vehicles (PHEVs). 
The successful applications of EVs and PHEVs are expected 
to eventually replace conventional fossil fuel vehicles and 
help to reduce carbon dioxide emissions.1 In comparison to 
other potential energy strategies (such as fuel cells and nickel 
metal hydride batteries), lithium ion batteries (LIBs) show a 
lot of obvious advantages in terms of higher working volt-
age, higher energy density, and longer cycle life. As a result, 
they have gained enormous commercial success, mainly in 
portable electronics, which also have been considered as one 
of the most important power sources for EVs and PHEVs.2 
However, LIBs fall short of satisfying needs for high power 
and high capacity for applications such as power tools, EVs, 
and PHEVs or efficient use of renewable energies.3,4 Further 
performance improvement of advanced LIBs is still needed 
in terms of specific capacity, energy density, cost, and safety.

A typical LIB consists of cathode, anode, separator, and 
electrolyte. To some degree, the LIB performance mainly 
depends on the cathodes and the anodes. Besides the com-
mercial graphite anode, there are some novel anodes such 
as high-capacity Si-based materials and Sn-based materials, 
and some of them have been commercialized at small scale.5,6 
However, challenge still exists to improve their cycle life and 
other aspects of performance. On the other hand, in addi-
tion to the traditional graphite and various natural or synthe-
sized carbon-based anode materials, nano-carbon materials 
have far more potential to make contributions. Nano-carbon 
materials, including carbon nanotubes, fullerene (C60), and 
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diamond, have already been investigated to increase the spe-
cific capacities of anodes for LIBs.

Graphene nanosheets (GNSs), a new class of two-dimen-
sional carbon allotrope (one atom thick), are arranged in sp2 
hybrid carbon atoms. In each carbon atom, three atomic orbit-
als (s, px, and py) form three strong bonds with other three sur-
rounding atoms. In addition, the remaining pz orbital overlaps 
with neighboring carbon atoms, which produces a filled band 
of p orbital (called the valence band), while an empty band of 
p* orbital is considered as the conduction band.7,8 2D GNSs 
are the basic building blocks for graphitic materials with other 
dimensionalities. Consequently, GNSs have been known as 
the “mother of all carbon forms.” As shown in Figure 28.1, 
2D GNSs could be wrapped up into 0D spherical bucky balls 
(fullerenes), rolled into 1D nanotubes (further categorized 
into single- or multiwalled carbon nanotubes depending on 
the number of graphene layers present), and stacked into 3D 
graphite with multilayered graphene sheets which in turn can 
be clustered into hard carbons. It is worth mentioning that a 
single GNS refers to graphene as its standard form, that is, a 
single layer of graphene.

GNSs possess various remarkable properties including 
ultra-high surface area (2630 m2 g−1), high electrical conduc-
tivity (resistivity: 10−6 Ω cm), and high chemical stability that 
are superior to those of CNTs and graphite,7,10 which sparked 

widespread interests and investigations in both fundamental 
science and applied research around the world. Recent work 
has indicated that GNSs employed as anodes of LIBs have 
higher capacity than commercialized graphite.11–14 All of the 
aforementioned properties combined with potential low man-
ufacturing costs make GNS a promising anode candidate in 
LIBs. In this chapter, we highlighted the importance of GNSs 
and made an overview of its promising application in LIB.

28.2 SYNTHESIS OF GNSs

In 2004, the first synthesis of GNSs was obtained by mechani-
cally separating individual graphene sheets from the strongly 
bonded layered structure of graphite,15 and this important work 
was awarded the Nobel Prize in Physics in 2010. Since then, the 
researchers investigated some approaches to synthesize GNSs. 
GNSs were mostly synthesized through chemical, physical, 
and electrochemical approaches, where graphene layers were 
extracted from graphite, carbon fibers, or carbon nanotubes, 
for instance, physical/mechanical or chemical exfoliation,16 
and the unzipping of CNTs by electrochemical, chemical, or 
physical methods.17 Other methods have also been proposed 
to obtain GNSs, for example, epitaxial growth via chemical 
vapor deposition,18 microwave radiation,19 and the reduction of 
sugars by some agents such as glucose and sucrose.20

FIGURE 28.1 Mother of all graphitic forms. Graphene is a 2D building material for carbon materials of all other dimensionalities (0D 
buckyballs, 1D nanotubes, 3D graphite). (From A. K. Geim and K. S. Novoselov, Nat. Mater., 2007, 6, 183–191.)
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Of the aforementioned methods, the most popular one 
for large-scale GNS production is Hummers’ strategy fol-
lowed by thermal exfoliation or sonication exfoliation due 
to easy operation, low cost, and easy scale-up. In the case of 
Hummers’ strategy,21 the precursor graphite was treated into 
graphite oxide (oxidized graphite) by a mixture of three types 
of oxidizing agents (such as H2SO4, NaNO3, and KMnO4), fol-
lowed by rinsing with water and hydrogen peroxide afterward. 
As shown in Figure 28.2a, the graphite oxide shows simi-
lar stacked layer structure of graphite, but it contains many 
oxygen and hydrogen surface groups, which increase the 
interlayer distance. The larger distance between interlayers 
provides a possibility of further exfoliation into nanosheets.

The electrical conductivity of GNSs is dependent on 
the long-range conjugated network of graphitic lattice.22,23 
Hummers’ strategy causes configuration change from a pla-
nar sp2-hybridized to a distorted sp3-hybrized geometry. Thus, 
both graphite oxide and graphene oxide show electrically 
insulating property resulting from the disrupted sp2 bonding 
networks. The reduction of graphite oxide or graphene oxide 
can restore the π network, and produce a partial restoration 
of the electrical conductivity. Thermal exfoliation or sonica-
tion exfoliation followed by a strong reduction could meet this 
requirement, being two important approaches to synthesize 
GNSs in large scale.

To obtain GNSs using thermal exfoliation requires suffi-
cient oxidation of the precursor (graphite) during Hummers’ 
procedure, thereby adequate pressure obtained during the 
thermal treatment.10 More oxygen-containing hydrophilic 
groups (such as hydroxyl, carbonyl, and epoxy) could be 

formed on or between the layers (Figure 28.2a). The obtained 
graphite oxide is suddenly heated at high temperature (such 
as 1050°C), where the pressure caused by the decomposition 
of oxygen-containing groups in the graphite oxide counter-
acts the van der Waals forces holding the graphene layers, and 
the interlayer spacing increases, therefore, the graphite oxide 
is split into the nanosheets. Simultaneously, the nanosheets 
could be reduced into GNSs.

After thermal exfoliation, the loose GNSs tend to over-
lap, and stick together to form fluffy agglomerates with a 
worm-like appearance (Figure 28.2c). An increased magni-
fication in Figure 28.2d reveals that the “worm” consists of 
many ultrathin nanosheets with wavy structures. GNSs are 
with an ultrathin, wrinkled, and curved gossamer-like struc-
ture due to the thermodynamic stability of 2D materials; as 
shown in Figure 28.2e, they exhibit characteristic transparent 
gossamer sheets consisting of only a few graphene layers. It 
was found that the treatment at various temperatures exhibits 
some effects on GNSs. As shown in Table 28.1, specific sur-
face areas of graphite oxide and GNSs obtained at different 
exfoliation temperatures were compared. The graphite oxide 
showed low specific surface area (59 m2 g−1) due to similar 
structure to the graphite. After thermal exfoliation, the spe-
cific surface area of obtained GNSs significantly increased. 
However, the thermal exfoliation at different temperature 
produces various GNSs with different microstructures, result-
ing in different specific surface area. It can be observed that 
the specific surface area of GNSs produced at 300°C was the 
highest (559 m2 g−1). With increased temperature, the specific 
surface area of GNSs decreased.29
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The Journal of Physical Chemistry Letters, 2013, 4, 831–841; G. Kucinskis, G. Bajars and J. Kleperis, J. Power Sources, 2013, 240, 66–79.) 
Typical (c, d) SEM and (e) TEM images of GNSs. (From X. Li et al. Electrochem. Commun., 2011, 13, 822–825.)
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In addition to thermal exfoliation, the sonication can also 
be carried out to exfoliate the graphite oxide. This process 
typically involves complete exfoliation of graphite oxide 
into the graphene oxide sheets using sonication followed by 
the reduction of graphene oxide to obtain GNSs. As shown 
in Figure 28.2b, the sonication facilitates the intercalation 
of water molecules, and produces the graphene oxide sus-
pension with an insulating property. GNSs are obtained by 
chemical reduction of the graphene oxide using a strong 
reductant. The hydrazine hydrate was reported to be the 
best reducing agent in synthesizing very thin GNSs.31 Other 
reductants including hydroquinone and NaBH4 were also 
reported.26 Alternatively, some metal powders (e.g., Fe and 
Al) were also employed in the acidic solution to reduce gra-
phene oxide,32–34 and its mechanism is similar to the above-
mentioned reductants.

28.3 GNS ANODE IN LIBs

Graphite is employed as the commercial anode material, but 
its theoretical specific capacity is limited (only 372 mAh g−1) 
because it stores up to one Li+ for every six carbon atoms 
between its graphene layers based on forming intercala-
tion compounds LiC6.35 GNSs show vast surface-to-volume 
ratio and highly conductive nature, which could deliver 
high energy capacity. Lithium ions are stored on both sides 
of GNSs, where they are arranged like a “house of cards” 
in hard carbons, resulting in two layers of lithium for each 
graphene sheet.32 Moreover, lithium ion can be stored within 
the cavities, covalent site, and hydrogen terminated edges 
of graphene fragments.33,35 Therefore, the GNS anode was 
reported to show increased reversible capacities, moreover, it 
was observed that the different structured GNSs derived by 
various synthesis methods can contribute various reversible 
capacity (400–1100 mAh g−1),19,28,30,36–38 for example, micro-
wave radiation derived GNSs could deliver a specific capacity 
of 420 mAh g−1 after 50 cycles.19

Besides high reversible capacity, in the first discharge pro-
cess, some irreversible capacities can be observed due to the 
formation of a solid electrolyte interphase (SEI) film on the 
surface of the GNSs, resulting from electrolyte decomposition 
and formation of lithium organic compounds.39 In addition, 
different from the graphite anode, the obtained large voltage 

hysteresis of GNS anode is ascribed to some active defects in 
the disordered GNSs. It was reported that the active defects 
of the GNS anode electrochemically react with lithium in 
discharge processes at lower voltages. However, in charge 
process, the bond break of lithium with the defects occurs 
at higher voltages, thereby resulting in the large voltage 
hysteresis.40

The GNS electrochemical reaction with lithium is depen-
dent on the number of graphene layers and the defect sites 
on the basal plane of graphene. The divacancies, higher order 
defects, and few-layer GNSs assisting lithium ion diffusion 
through the basal plane are beneficial for increasing the spe-
cific reversible capacity in LIBs.41 The number of graphene 
layers could be controlled by the intensity of oxidation of 
graphite. The oxidation intensity of graphite is increased 
with the increase of the dosage of oxidizer. As shown in 
Figure 28.3a, the oxidation easily causes more oxygen-con-
taining groups on or between the layers. The GNS layers could 
be controlled by the different oxidation degree of graphite 
oxide (GO), which is recognized by the color of GO suspen-
sion. The colors of GO1, GO2, and GO3 are gradually fade, 
indicating controlled oxidation degree of GO. According to 
the statistics results and TEM images in Figure 28.3c through 
e, as-prepared GNSs derived from GO3, GO2, and GO1 are 
single-layer, triple-layer, and quintuplicate-layer graphene 
sheets, respectively. More importantly, the electrochemical 
results in Figure 28.3f demonstrated the significant influence 
of GNS layers on anode performance. The GNSs with fewer 
layers deliver higher reversible capacity.42 The Cardema’s 
group also demonstrated this effect.36

Besides the effect of GNS layers, the defects show some 
important influences on lithium storage of GNS anode. In 
Figure 28.4a, a decrease of GNS size results in an increase 
of available graphene edge sites, and may determine impor-
tant properties of GNS. The carbon atoms at the edge of gra-
phene display increased activity and energy in comparison to 
sp2 bonded carbon atoms located within the basal plane.15 As 
a result, smaller sized GNS-III anode with pronounced edge 
sites possesses the ability of encouraging increased lithium 
storage performance. Raman spectroscopy confirmed that 
GNSs with smaller size show higher ID/IG value, which indi-
cates the presence of increased disorder and larger number of 
defects, encouraging additional lithium storage sites on the 
GNS anode. Thus, this type of GNSs produced an increased 
energy capacity. Interestingly, GNSs with more defects could 
reach a high reversible discharge capacity of 1348 mAh g−1, 
and demonstrate an elevated value of 691 mAh g−1 in the 
100th cycle.43 It was reported that the GNS anode with more 
disordered structures, more defects, and smaller sp2 domains 
showed large reversible capacity of 1013–1054 mAh g−1.40 As 
the researchers demonstrated in Figure 28.4b, the defects at 
edge sites and internal (basal-plane) defects (vacancies) of 
the nanodomains embedded in GNSs could involve revers-
ible lithium storage. Some lithium ions are reversibly stored 
between (002) planes, but the defect-based reversible stor-
age possibly predominate.40 Therefore, the GNS anode with 

TABLE 28.1
Specific Surface Areas of Graphite Oxide and GNSs 
Obtained at Various Exfoliation Temperatures

Samples

Graphite GNSs

Oxide At 300°C At 600°C At 800°C

Specific surface area 
(m2 g−1)

60 559 412 380

Source: L. Wan et al. Diamond Relat. Mater., 2011, 20, 756–761.
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more disordered structures and more defects may deliver high 
reversible capacity.

The aforementioned discussion is based on casting GNSs 
on the current collector (say copper foil). On the other hand, 
the direct growth of GNSs on a current collector could pro-
mote stronger adhesion without losing electrical contact; 

moreover, the obtained electrodes without binder and 
conductive agent are beneficial for increasing energy den-
sity. Vertically aligned GNSs in Figure 28.5d were grown 
in a Ni substrate using a microwave plasma-enhanced 
chemical vapor deposition. The designed structure could 
decrease lithium diffusion distance, which showed some 
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positive effects of the improved kinetics. Moreover, the 
vertical alignment of GNSs with effective electronic con-
nection to the Cu foil are beneficial for minimizing elec-
trical resistance and improving the rate capability of GNS 
anode.44 To tailor the structure of the vertical alignment, 
GNSs can increase battery performance. It was reported 
that the highly branched GNSs were directly grown on a 
Cu substrate, as shown in Figure 28.5a. The nanosheets 
were extremely small with lateral dimension down to less 
than 5 nm (see Figure 28.5b). These types of GNSs on Cu 
foil reported have some advantages compared with others, 
thereby showing better rate capability in Figure 28.5c.45 
Further optimization was carried out to increase the rate 
capability of GNSs on the current collectors. The 2D 
ordered mesoporous GNSs was proposed by Zhao’s group. 
As shown in Figure 28.5e, ordered mesopore arrays with 
pore diameters about 9 nm were formed on the surface of 
the GNSs (highlighted by white arrows). Interestingly, all 
the mesopores were laid on one plane within a 2D meso-
structure. The 2D mesopores GNSs delivered high sur-
face area for Li+ intercalation/de-intercalation exhibiting 
a high reversible capacity of 1040 mAh g−1 at 100 mA g−1. 

Even at a high current density of 5000 mA g−1, the revers-
ible capacity was delivered around 255 mAh g−1, as shown 
in Figure 28.5f, indicating that the 2D mesoporous showed 
good effect in increasing rate capability and coulombic effi-
ciency of GNSs. Therefore, the precursors and synthesis 
approaches obviously affect lithium storage of GNS anodes, 
and the comparison is summarized in Table 28.2.

28.4 MODIFICATION OF GNS ANODE

Owing to the aforementioned advantages, the GNS anode has 
been regarded as one of the most promising anode materi-
als in LIBs. GNSs could exhibit high discharge capacity in 
the first several cycles, but the capacity rapidly drops with 
the increase of cycles and rates, showing the poor stability. 
The reason is that GNSs tend to agglomerate together to lose 
some merits of 2D GNSs.47 Two approaches, that is, compos-
ites (including the combination with other carbon materials 
and the insertion of metal particles) and heteroatom doping, 
have been proposed to address this challenge, for example, 
by incorporation of the nanomaterials without electrochemi-
cal activity, the aggregation of GNSs could be suppressed 
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various current densities. (From Y. Fang et al. J. Am. Chem. Soc., 2013, 135, 1524–1530.)

TABLE 28.2
An Effect Summary of the Precursor and Synthesis Methods on GNS Anodes

Precursor Synthesis Methods Layers or Thickness

Coulombic 
Efficiency in the 
Initial Cycle (%)

Reversible 
Discharge Capacity 

in the 2nd Cycle 
(mAh g−1)

Capacity 
Retention (%) References

Natural graphite Microwave 
radiation

\ 86.21 500 84.0 (after 50 
cycles)

[19]

Graphite 
powder

Hummers 5–13 46.51 1200 39.8 (after 100 
cycles)

[30]

Graphite foils Electrolytic 
exfoliation

1–10 32.72 440 70.5 (after 30 
cycles)

[37]

Natural graphite Hummers 3–8 nm 51.61 1054 74.0 (after 15 
cycles)

[39]

Graphite 
powder

Hummers 1–5 50.34 1175 72.0 (after 20 
cycles)

[42]

Graphite 
powder

Hummers 6–23 48.14 1348 51.3 (after 100 
cycles)

[43]

Acetylene, 
hydrogen, and 
argon

Chemical vapor 
deposition

\ 50.00 380 73.7 (after 150 
cycles)

[44]

Methane, 
hydrogen, and 
argon

Chemical vapor 
deposition

8 32.00 550 75.0 (after 30 
cycles)

[45]

Mesoporous 
carbon 
nanosheets

Solution deposition 
method

3 22.63 1040 80.0 (after 60 
cycles)

[46]
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essentially. It is believed that additional modification of GNSs 
could increase lithium storage performance.

28.4.1 Gnss-Based composites

CNTs show 1D structure, different from 2D GNSs. A 3D 
homogeneous hybrid of GNSs wrapping CNTs, as indicated 
in Figure 28.6a, was demonstrated to deliver better cyclic 
performance and higher coulombic efficiency compared to 
the pure counterpart.47 In addition to CNTs, 0D carbon nano-
spheres were also used to create GNSs-based composites. A 
series of composites of GNSs and the carbon nanospheres 
were designed,48 where the carbon nanospheres (CNS) were 
fully covered and bridged with GNSs forming a 3D network 
with cavities and pores (Figure 28.6b). This structure provides 
many transportation pathways for electron and lithium, and 

thereby delivers a high reversible capacity up to 925 mAh g−1 
at a high rate of 5000 mA g−1, which is much better than 
the anode without the carbon nanospheres, as shown in 
Figure 28.7a. The reaction of GNS anode with lithium is influ-
enced by the layer spacing between the GNSs. A control of the 
intergraphene sheet distance through interacting molecules 
such as CNTs and fullerenes (C60) shows some effects on 
the lithium storage performance of the GNSs. The research-
ers studied the effect of different carbon materials (CNTs 
and C60) on GNS performance. It was found that the specific 
capacity of GNSs, GNSs/CNT, and GNSs/C60 significantly 
varied, which is related to the d-spacing of the GNS anode. In 
Figure 28.7c, the incorporation of macromolecules of CNTs 
and C60 to the GNSs can increase lithium storage perfor-
mance resulting from the expansion in the d-spacing of the 
graphene layers with additional sites for Li+ accommodation.11

C
O
LiF

Suppressing electrolyte (LiPF6) decompositionSurface modification
LiF-graphene SEI of LiF-graphene

Surface passivation at high rate
SEI of grapheneGraphene

GNS

F−Li+
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(e)

(d)(c)

(b)(a)

FIGURE 28.6 (a) TEM image of GNS–CNT hybrid materials. (From S. Chen et al. Carbon, 2012, 50, 4557–4565.) (b) SEM image of the 
GO/CNS composites with GO to CNS ratios (in weight) of 5/1. (From Y. Yang et al. J. Mater. Chem., 2012, 22, 23194–23200.) (c) TEM 
image of graphene–Ni hybrid material. (From Y. J. Mai et al. J. Power Sources, 2012, 209, 1–6.) (d) SEM image of the LiF/graphene anode. 
(From Z.-S. Wu et al. Adv. Funct. Mater., 2012, 22, 3290–3297.) (e) Diagram of the formation of a solid electrolyte interphase (SEI) film at 
a high rate in the GNSs (top) and LiF-modified GNSs (bottom). (From Z.-S. Wu et al. Adv. Funct. Mater., 2012, 22, 3290–3297.)
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Besides carbon materials, the nickel nanoparticles were 
designed to be uniformly anchored on the surface of GNSs 
(Figure 28.6c). According to the EIS results, Ni nanopar-
ticles could enhance the electrical conductivity of the anode. 
Thus, this hybrid anode was found to increase electronic 
transport and lithium migration through the SEI film. As 
shown in Figure 28.7b, the hybrid anode is capable of show-
ing better rate capability than the pristine GNSs. Another 
attempt is the GNSs/LiF composites shown in Figure 28.6d. 
Under the electrostatic interaction, the positively charged 
Li+ ions were easily adsorbed on the negatively charged 
oxygenated groups on the edges and defect sites of GNSs. 
In this hybrid composites, as shown in Figure 28.6e, LiF 
nanoparticles exhibit three functions for the GNS anode: (i) 
they are used as a LiPF6 salt stabilizer, and thereby decrease 
the surface side reactions of the electrolyte decomposition 
and enhance the interface stability; (ii) as a SEI forming 

inhibitor, they are directly a component of the SEI film on 
the GNS anode, and decrease the SEI film thickness; and 
(iii) they also increase the adhesion of the GNS surface to 
the SEI layer, and consequently enhance the thermodynamic 
stability.50 Therefore, the GNSs/LiF composites have high 
rate capability in Figure 28.7d.

28.4.2 doped Gnss

Chemical heteroatom doping into GNSs has been an effec-
tive approach to tune materials intrinsically, tailor electronic 
properties, manipulate surface chemistry, and produce local 
changes to the elemental composition of host materials.51–53 
Since nitrogen is of comparable atomic size to form strong 
valence bonds with carbon atoms, it is considered to be a 
good chemical doping of GNSs among potential dopants.54 
Nitrogen atom has one additional electron in comparison to 
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carbon. After nitrogen is incorporated into the basal plane of 
graphene, it denotes electrons into graphene, which produces 
n-type doping of GNSs.8 Nitrogen doped GNSs (N-GNSs) 
are obtained via two different approaches: (i) direct synthesis 
and (ii) post treatment. Direct synthesis consists of chemical 
vapor deposition, segregation growth, solvothermal, and arc-
discharge approaches. However, the yield of direct synthesis 
is very limited, showing some difficulties in LIB applications. 
Thus, here we mainly discuss N-GNSs via post treatment.

Thermal treatment is one of the most important post treat-
ments to obtain N-GNSs. Thermal treatment refers to treat 
GNSs at high temperature to produce N-GNSs. This method is 
simple, easy for scale-up, and, thus, it is popular in LIB appli-
cation. At high temperature, to treat GNSs in the presence of 
various nitrogen precursors (like NH3) can obtain N-GNSs, 
as previously reported.28 In addition to GNSs, graphene oxide 
can also be used to produce N-GNSs using thermal treatment. 
In Figure 28.8a, thermal annealing graphene oxide at 500°C 
in an ammonia atmosphere could reduce graphene oxide and 
produce N-GNSs with 5 at.% nitrogen doping level.55 During 
the annealing process, NH3 reacts with oxygen groups (car-
boxylic, carbonyl, and lactone) in graphene oxide and forms 
C–N bond. More importantly, the graphene oxide is simul-
taneously reduced. For different graphene oxide with vary-
ing oxidation degrees, the reaction between graphene oxide 
and NH3 is related to the amounts of these oxygen groups 
at the defect and edge sites of the graphene oxide, which 
gives rise to various nitrogen doping into GNSs. In addition 
to NH3, other nitrogen precursors could produce N-GNSs, 
for instance, annealing the mixture of graphene oxide and 
melamine at high temperature (700–1000°C) can also obtain 
N-GNSs (Figure 28.8b).52

Normally the nitrogen atoms are substituted to incorporate 
into the basal plane of graphene in three forms: (i) pyridinic-
N, (ii) quaternary-N, and (iii) pyrrolic-N bonding configura-
tions, as shown in Figure 28.9a. Pyridinic-N contributes to the 
π-system with one p-electron, represented by a well-defined 
peak at the binding energy of 398.6 eV. Nitrogen atoms 
doped into the graphitic structure of graphene layer forms 
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quaternary-N. Thus, quaternary-N can also be described as 
“graphitic-N.” It constitutes the most complicated assignment, 
represented in the N1s spectra by a broad peak positioned on 
401.3 eV. Pyrrolic-N contributes to the π-system with two 
p-electrons, and hence has higher binding energy of about 
400.3 eV (unnecessarily bond into the 5-membered ring). 
Essentially, nitrogen atoms doped in graphene could form 
pyridinic-N and pyrrolic-N, while nitrogen atoms substitute 
for carbon atoms in the hexagonal ring to form quaternary-
N.56 Among these nitrogen doping, pyridinic-N and quater-
nary-N are sp2 hybridized, but pyrrolic-N is sp3 hybridized. 
The difference among these three nitrogen configurations 
in a graphene basal plane is illustrated in Figure 28.9b. The 
pyridinic and pyrrolic nitrogen mainly lays at the edge or the 
defect sites, and the quaternary nitrogen refers to the nitrogen 
replacing carbon in graphene plane.

Due to the well-bonded nitrogen atom, nitrogen doping 
into GNSs can tailor both chemical and electronic properties 
of GNS anode. A lot of advantages of the disordered surface 
morphology, heteroatomic defects, good electrode/electrolyte 
wettability, increased intersheet distance, and high electrical 
conductivity (high electron transport) provide more active 
sites, rapid lithium surface absorption, high kinetics of lithium 
diffusion and transfer, thereby enhances the electrochemical 
reaction of GNSs with lithium.58,59 As reported, the reversible 
discharge capacity of N-GSNs is almost double compared to 
pristine GNSs.60 Therefore, it is expected that N-GNSs can 
increase anode performance in LIBs.

Similar to the microstructures of GNS anode (Figure 28.2c 
through e), N-GNSs also has a rippled and crumpled struc-
ture, as shown in Figure 28.10a. It is suggested that the nitro-
gen doping in the structure of GNSs could not change the 
nanosheet morphology. As discussed above, three types of 
nitrogen (pyridinc-N, quaternary-N, and pyrrolic-N) exist in 
N-GNSs. It is observed in Figure 28.10b that the pyridinc-
N (area percentage: 55.7%) structure is more abundant than 
quaternary-N (13.3%) and pyrrolic-N (30.3%) structures. 
Nitrogen doping could increase the specific surface area of the 
GNS anode from 456 and 599 m2 g−1; moreover, it enhances 
the defect sites and vacancies as Li+ active sites.28 As a result, 
N-GNSs showed a higher discharge capacity and improved 
cyclic performance (Figure 28.10c). A CVD technique based 
on liquid precursor was employed to obtain N-GNS film on 
Cu foil. As demonstrated in Figure 28.10d, this film consist-
ing of nitrogen doping showed double reversible capacity than 
the un-doped film. The researchers found that the improve-
ment is ascribed to the large number of surface defects 
induced due to nitrogen doping.60 Besides improvement of 
cyclic performance, N-GNSs doping of nitrogen could sup-
press the electrolyte decomposition and surface side reactions 
of the anodes, which significantly increase the coulombic effi-
ciency of the anodes. For example, the coulombic efficiency 
of N-GNSs was increased to 49.0% in comparison to 43.8% of 
the pristine GNSs.59

Nitrogen atom with five electrons could be incorporated 
into the basal plane of graphene, and denote electrons into gra-
phene. As a result, an increase of GNS electrical conductivity 

is obtained, which has some influences on the rate capabil-
ity of the GNS anode. In Figure 28.10e, when N-GNSs was 
quickly charged/discharged for a very short time of 1 h to 
several tens of seconds, it exhibited high rate capability, for 
instance, a significant capacity of ~199 mAh g−1 at an ultra-
high rate of 25,000 mA g−1.59 The improvement of rate capa-
bility was also demonstrated by Dr. Cui’s group. As shown 
in Figure 28.10f, at each rate from C/20 to 5C, N-GNSs is 
capable of showing much higher reversible capacity than the 
pristine GNS anode.

Different from nitrogen doping, boron doping into gra-
phene nanosheets (B-GNSs) produces an electron deficient 
system, thus B-GNSs could capture more lithium ions than 
the pristine GNSs. DFT calculations show that the specific 
capacity can be dramatically increased to 2271 mAh g−1 
by boron doping, which is almost six times that of graph-
ite anode.61 Cheng et  al. compared the anode performance 
of N-GNSs and B-GNSs. At a very high current density of 
25 A g−1, they reported that B-GNSs delivered a higher capac-
ity of 235 mAh g−1 than N-GNSs.59

It can be seen that various modification in GNS anodes 
shows significant impact on lithium storage of GNSs in LIBs. 
The detailed comparison is summarized in Table 28.3.

28.5 FREESTANDING GNSs IN LIBs

Conventional methods for the fabrication of LIB electrodes 
usually involve mixing, casting, and pressing the mixed con-
stituents, including a cathode or anode for lithium storage, a 
binder such as polyvinylidene fluoride to inhibit the collapse 
of the active materials from metal current collectors, and an 
electrical conductor to maintain the electrode conductivity 
onto the metal current collectors. It is worth noting that bind-
ers and metal current collectors do not contribute to lithium 
storage, and the electrical conductor exhibits minimal lithium 
storage performance; thus, these components decrease the 
energy density of LIBs. Moreover, the presence of binders 
in the electrodes decreases the accessible specific area of 
the active materials and increases the electrochemical polar-
ization of the electrodes, undermining effective lithium ion 
transport.62 From the perspective of optimal performance, the 
optimization of the electrode system may increase the energy 
density of LIBs, for example, by decreasing the dosage of the 
binder, the electrical conductor, and the current collector.63 
In particular, binder-free, electrical conductor-free, and cur-
rent collector-free configurations can effectively meet this 
goal.64,65 GNSs are with beautiful 2D structure. It is avail-
able to assemble GNSs into papers with highly freestanding 
and usually flexible. The freestanding graphene paper offers 
many advantages in LIBs, for instance, it was reported that 
the graphene papers are mechanically strong and electrically 
conductive with Young’s modulus of 42 GPa, tensile strength 
of 293 MPa, and electrical conductivity of 351 S cm−1.66 
Therefore, the development of flexible, lightweight, and envi-
ronmentally benign binder-free, electrical conductor-free, 
and current collector-free graphene papers has drawn some 
research attention in LIBs.67,68
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Graphene paper has been successfully fabricated through 
vacuum-assisted filtration of graphene oxide dispersion.68–71 
Graphene paper is electrically conductive and mechanically 
strong, which shows promising for flexible LIB applica-
tion. Wallace and coworkers prepared the graphene paper 
(see Figure 28.11a), and for the first time studied its LIB 
performance. Its initial discharge capacity was delivered to 
be 680 mAh g−1, while decreased to only 84 mAh g−1 of the 
second discharge capacity.68 The researchers modified the 
graphene paper to increase its performance, for example, 
graphene oxide paper was treated in supercritical ethanol, 
and obtained graphene paper in Figure 28.11b showed an 
increased capacity,69 which is still very low. Graphene has a 
high in-plane Young’s modulus but is easily warped in the 
out-of-plane direction due to its atomically 2D thin struc-
ture.16 When randomly stacked graphene sheets are dried, the 
surface tension of the retreating liquid meniscus collapses the 
spacing between sheets and leads to intimate van der Waals 
contact between them.72 It was reported that in-plane lithium 
diffusion coefficient is high (10−8 cm2 s−1), but cross-plane dif-
fusivity of graphene paper is very limited. As a result, lithium 
migration into and out of a graphene stack is greatly restricted 
to stack edges,72 which results in poor battery performance.

Annealing graphene oxide paper was reported to be one 
effective strategy to increase the performance of graphene 
paper, but its capacity is still unsatisfactory,74 which is 
because thermally treated graphene stacks show severe inter-
sheet aggregation limiting electrolyte permeation between the 
layers. Annealing graphene oxide papers with different thick-
nesses (1.5, 3, and 10 μm) were investigated. Three papers 
delivered evidently different lithium storage performances that 
thinner papers outperform thicker ones, as shown in Figure 

28.11c.70 The capacity decrease with the paper thickness was 
found to be related with the dense restacking of GNSs and 
a large aspect ratio of the paper, where the lithium diffusion 
proceeds mainly in in-plane direction, and cross-plane diffu-
sion is restrained. To decrease current density could increase 
the reversible specific capacity of graphene paper in Figure 
28.11d, indicating that the battery performance of graphene 
paper is a kinetically related process.70 To address this chal-
lenge, it was reported that photothermally reduced gra-
phene paper is structurally robust and displays superior rate 
capability (Figure 28.11e), for example, a steady capacity 
of 156 mAh g−1 at a very high rate of 40C.71 The improved 
performance is due to the rapid outgassing of photothermal 
reduction creating microscale pores, cracks, and voids in gra-
phene paper, which increases lithium intercalation kinetics.

Very limited cross-plane lithium diffusion causes low 
reversible capacity of graphene paper. Thus, via a wet chemi-
cal method that combined ultrasonic vibration and mild acid 
oxidation, in-plane porosity was created into the basal planes 
of graphene oxide, as described in Figure 28.12a. Using facile 
microscopic engineering, this type of holey graphene paper 
possesses abundant ion binding sites and enhanced ion diffu-
sion kinetics, thereby delivers superior lithium storage capa-
bilities at high rates. Another improved strategy is the design of 
graphene paper with folded structure in Figure 28.12b. Freeze-
drying graphene oxide aqueous dispersion can form frozen 
graphene oxide dispersion and graphene aerogel. Subsequent 
thermal reduction followed by mechanical pressing would 
produce folded structured graphene paper. Obtained graphene 
paper used as LIB anode showed significantly improved rate 
performances compared to graphene paper synthesized by a 
flow-directed assembly method (Figure 28.11f) because the 

TABLE 28.3
A Summary of Modification Impacts on GNS Anode Performance

Material Methods Layers

Coulombic 
Efficiency (%) in 
the Initial Cycle

Reversible 
Discharge Capacity 

in the 2nd Cycle
Capacity 

Retention (%) References

N-doped GNSs Ammonia gas heat 
treatment

\ 44.00 454 mAh g−1 99.6 (after 100 
cycles)

[28]

GNSs-CNTs Ultrasonic treatment 2–5 34.83 618 mAh g−1 78.5 (after 100 
cycles)

[47]

GNSs-carbon 
nanospheres 
composite

Ultrasonication \ 50.00 810 mAh g−1 86.4 (after 100 
cycles)

[48]

GNSs-Ni hybrid Freeze drying 5–10 60.00 790 mAh g−1 85.0 (after 35 
cycles)

[49]

LiF nanoparticle 
modified GNSs

Sonication \ 53.00 710 mAh g−1 81.7 (after 150 
cycles)

[50]

N-doped GNSs Ammonia gas heat 
treatment

\ \ 900 mAh g−1 100 (after 10 
cycles)

[58]

N-doped GNSs Ammonia gas heat 
treatment

\ 49.00 1000 mAh g−1 83.6 (after 30 
cycles)

[59]

N-doped GNSs films Chemical vapor 
deposition

1–3 20.00 0.8 mAh cm−2 62.5 (after 50 
cycles)

[60]
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existence of graphene sheet folding increases the accessibility 
of lithium ions and electrolyte.73 Furthermore, a porous struc-
ture of GNS papers was proposed to increase the discharge 
capacities of free-standing anodes via pressing a graphene 
cryogel.75 In addition, some noble metals such as Pt and Ag 
were introduced to make flexible graphene composite paper. 
This design could increase anode performance of flexible 
paper, delivering a high charge capacity of 689 mAh g−1 at a 
current density of 20 mA g−1.76

28.6 CONCLUSION AND PERSPECTIVES

In summary, the present research has shown convincing 
proofs that the GNS anode has been demonstrated to exhibit 
promising potentials in the fabrication of LIB anode mate-
rials resulting from various remarkable properties including 
ultra-high surface area, high electrical conductivity, and high 
chemical stability. More interestingly, modification (like dop-
ing and composites) of GNSs as well as free-standing GNS 
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paper could further increase anode performance in LIBs. 
It is expected that this chapter opens the door to use GNSs 
as potential anodes for LIB applications. However, mak-
ing GNS-based rechargeable LIBs is extremely challeng-
ing. Extensive fundamental studies on cost control, increase 
of coulombic efficiency, further increasing energy capacity, 
and so on, are needed to enable practical application of GNS 
anodes in rechargeable LIBs.

The promising purpose in the LIB research has been the 
fabrication of active materials with high energy capacity, good 
cyclic performance, and rate capability. Recently, various GNS 
anode materials have been developed rapidly; however, there 
remains one significant challenge to be tackled: how to further 
increase the energy capacity of the active materials in LIBs. 
To this end, the modification (doping, microstructure, and 
compositions, etc.) of GNSs itself is one good way to reach 
this purpose. On the other side, the integration of graphene 
with some electrochemically active materials showing high 

theoretical capacity in a rational manner is another important 
approach to create high-performance LIBs. For example, the 
2D core/shell architecture was constructed by confining the 
well-defined graphene-based metal oxides nanosheets (G@
MO) within carbon layers (Figure 28.13a). The resulting G@
MO@C hybrids exhibit outstanding reversible capacity and 
excellent rate performance for lithium storage.77 GNSs, also, 
are having a function to increase cathode performance in the 
hybrid systems. For instance, GNS-wrapped cathode hybrid 
materials improved the cyclic stability due to promoted charge 
transfer reaction and lowered charge polarization (Figure 
28.13b).29 This chapter, thus, forecasts a bright future in elec-
trode design of GNS-based active materials, which may be 
regarded as an emerging area of hybrid materials, but also 
remarks to foster their larger-scale industrial use. In benefit of 
the significant advantages of GNSs, it is highly expected that 
GNS-based hybrids could reward the new generation of high-
performance LIBs in the future of energy storage.
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ABSTRACT

We study the transmission, transport, and electronic structure 
properties of periodic (Superlattices) and aperiodic (Cantor 
and Fibonacci) monolayer graphene-based structures. The 
transfer matrix method has been implemented to obtain the 
transmittance, linear-regime conductance, and electronic 
structure. In particular, we have studied two types of peri-
odic and aperiodic graphene-based structures: (1) electrostatic 
graphene-based structures (EGBSs), structures formed with 
electrostatic potentials, and (2) substrate graphene-based 
structures (SGBSs), obtained alternating substrates that can 
open and non-open, such as SiC and SiO2, an energy bandgap 
on graphene. We have found that the transmission properties 
can be modulated readily by changing the main parameters 
of the systems: well and barrier widths, energy and angle of 
incident electrons, and the number of periods as well as the 
degree of aperiodicity. The linear-regime conductance turns 
out that it diminishes various orders of magnitude increasing 
the barrier width for SGBSs. On the contrary, Klein tunneling 
sustains the conductance in EGBSs. Calculating the electronic 
structure or miniband-structure formation and fragmenta-
tion of periodic and aperiodic graphene-based structures, we 

establish a direct connection between the conductance peaks 
and the opening and closure of energy minibands for both 
EGSLs and SGSLs.

29.1 INTRODUCTION

Graphene, a two-dimensional honeycomb lattice of carbon 
atoms, has attracted a lot of attention since its discovery [1–3]. 
This renewed interest in carbon-based materials comes from: 
the unusual properties present in graphene, such as minimum 
conductivity [1–3], odd-integer-quantum-Hall-effect [3–6], 
Klein tunneling [7–10], zitterbewegung [11–14], and atomic 
collapse [15–17]; the natural connection between condensed 
matter physics and quantum electrodynamics giving place to 
new terms as relativistic condensed matter physics or rela-
tivistic solid state physics [18–20]; the outstanding intrinsic 
physical properties such as mobility, thermal conductivity, 
flexibility, strength, and stiffness, which give rise to poten-
tial device applications [21–24]. All these novel properties 
and possible technological breakthroughs rely on the gapless 
linear dispersion relation of graphene [25,26], E v kF= ±� . In 
particular, Klein tunneling results from suppression of back-
scattering due to carrier’s pseudo-spin conservation [9,10].

CONTENTS

Abstract ..................................................................................................................................................................................... 453
29.1 Introduction ..................................................................................................................................................................... 453
29.2 Electrostatic Barriers in Graphene .................................................................................................................................. 454
29.3 Breaking-Symmetry Substrates in Graphene .................................................................................................................. 456
29.4 Theoretical Models .......................................................................................................................................................... 456
29.5 Periodic Structures .......................................................................................................................................................... 458
29.6 Aperiodic Structures ........................................................................................................................................................ 461

29.6.1 Cantor-Like Structures ........................................................................................................................................ 462
29.6.2 Fibonacci Quasi-Periodic Structures ................................................................................................................... 470

29.7 Concluding Remarks ....................................................................................................................................................... 474
29.8 Perspectives ..................................................................................................................................................................... 474
Acknowledgments ..................................................................................................................................................................... 475
References ................................................................................................................................................................................. 475



454 Graphene Science Handbook

On the other hand, it is well known that periodic and ape-
riodic order appears in multiple aspects of nature as well as 
that both orders can be exploited technologically [27,28]. 
For instance, periodic modulation was the instrument to 
unveil quantum effects in semiconductor artificial structures 
[29,30], giving rise to what later on was known as semicon-
ductor superlattice. Among the most important properties of 
semiconductor superlattices, we can find excitonic effects, 
miniband transport, Wannier–Stark localization, Bloch oscil-
lations, resonant tunneling, and electric field domains [27]. 
Most of these properties rely on the miniband structure or 
miniband dispersion presented in semiconductor superlattices 
[27,29,30]. Aperiodic order turns out that it was the answer 
to the unexpected crystals with fivefold symmetry or quasi-
crystals [31,32]. Aperiodic or quasiregular structures can be 
obtained if a pattern contains two elements that repeat with 
different periods, and the ratio of those periods is irratio-
nal. In this way, such patterns can evade the prohibitions on 
certain rotational symmetries. It was also showed that these 
structures could be grown using the same techniques used 
for regular crystals [33]. Among the peculiar characteristics 
of quasi-periodic structures, we can mention the highly frag-
mented electronic spectra, which give place to self-similar-
ity, criticality, and fractality [34]. It is important to mention 
that these characteristics are more than peculiar since they 
can affect the optical, electronic, and transport properties of 
semiconductor-based devices [28]. In short, aperiodicity or 
quasi-periodicity can be used as an additional mechanism to 
modulate the fundamental properties of semiconductor-based 
structures, and consequently expanding their possibilities for 
technological applications. So, by considering the importance 
of the periodic and quasi-periodic modulations, from both the 
fundamental and technological standpoints, it seems natural 
that they be an extension for any novel material.

To this respect, graphene is not an exception, and shortly 
after its discovery, it was subjected to an intense research, 
especially, with regard to how its fundamental properties are 
modified under the influence of a periodic modulation [35–
82]. There are different mechanisms or effects proposed to 
modulate graphene in periodical fashion. Among them, we 
can mention electric and magnetic fields [35–65], breaking-
symmetry substrates [66–69], strain [70–74], hydrogenation 
[75–79], and disorder [80–82]. Graphene superlattice (GSL) 
is the term used to refer graphene under periodic modulation, 
irrespective of the mechanism used to generate the periodic 
pattern. The effects produced by a periodic modulation in gra-
phene are remarkably different to what we see in traditional 
semiconductors. Firstly, the periodic pattern creates additional 
Dirac cones in the energy dispersion of graphene. Secondly, 
the propagation of charge carriers through GSL is highly 
anisotropic, and in some cases, results in carrier velocities that 
are diminished to zero in one direction and are unchanged in 
another. The density and the type of carrier species are also 
pretty sensitive to the periodic pattern considered. Thirdly, by 
changing the structure parameters of GSL—potential of bar-
riers and wells, period of the potential and transverse wave 
number—the angular-averaged conductivity can be controlled 

readily. On the other hand, in the last years the interest in ape-
riodic or quasi-periodic modulation in graphene is rising [83–
92]. All these studies focus primarily on monolayer graphene, 
and the preferred mechanism to create the quasi-periodic pat-
tern has been the electrostatic field effect [84–94]. So far, the 
quasi-periodic patterns studied in graphene have been Cantor 
[83,87,94], Fibonacci [84–86,93], Thue-Morse [88–91,93], 
and Double-Period [92]. One of the most remarkable charac-
teristics of quasi-periodic patterns in graphene, regardless of 

the quasi-periodic sequence used, is a zero-k  gap associated 
to an unusual Dirac point. Besides, this especial gap is robust 
against incident angles and lattice constants, and it also has 
a great effect on transmission, conductance, and shot noise. 
Therefore, quasi-periodic patterns in graphene may enrich 
and facilitate the development of graphene-based electronics. 
As we can corroborate above, periodic and quasi-periodic pat-
terns in graphene have been subjected to an intense research, 
see also Table 29.1; however, there are some issues that as 
far as we can see are not explained. Specifically, we have not 
found a clear and concise explanation about how periodic and 
quasi-periodic modulations in graphene affect the oscillatory 
nature of the linear-regime conductance.

Within this context, the aim of the present work is to 
address the main differences between periodic and aperiodic 
systems in graphene. Specifically, we compare the transmis-
sion, transport, and electronic structure properties of the men-
tioned systems when the barriers that constitute them are of 
electrostatic and breaking-symmetry-substrate character. We 
consider this kind of barriers because they are opposite, one 
(electrostatic case) in which Klein tunneling is presented and 
the other (substrate case) in which it is ruled out. Following 
the lines of our previous work [95], the main concern of this 
study is to find out how periodic and aperiodic modulations 
affect the intrinsic oscillatory nature of the linear-regime con-
ductance in graphene as well as how these oscillations are 
correlated with the energy level structure, and what is the role 
played by Klein tunneling.

29.2 ELECTROSTATIC BARRIERS IN GRAPHENE

In semiconductor-based devices is well known that the elec-
tric field effect plays a fundamental role due to its ability 
to modulate, in a very simple way, the optoelectronic and 
transport properties. This is possible due to the advance 
and sophistication of the growth and deposition techniques, 
specifically thanks to the deposition of metallic contacts on 
semiconductor structures or in other words, which is known 
as metal–semiconductor contacts [96]. Graphene is not the 
exception to this respect despite its intrinsic two-dimensional 
configuration. A graphene-based device consists of a gra-
phene sheet sited on a non-breaking-symmetry substrate like 
SiO2, a back gate (together with the substrate’s doping) is 
used to control the Fermi energy of the Dirac electrons, a top 
gate suspended at a certain distance from the graphene sheet 
is used to control the width and the height of the electrostatic 
barrier, and finally two leads are attached to the left and right 
of the graphene sheet. This is a typical device configuration 
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for electronic transport, or magnetoelectronic transport if 
a magnetic field perpendicularly to the graphene sheet is 
applied. It is important to mention that this device has been 
the backbone element to unveil the fundamental properties 
of monolayer, bilayer, and trilayer graphene [97–100]. From 
a theoretical perspective, a perpendicular electrostatic field 
can be taken into account directly because the main effect 
of it is a shifting of the Dirac cones proportional to the field 
strength. This shifting can be obtained through the massless 
Dirac equation:

 
v p V x x y E x yF σ ψ ψ⋅( ) +  =( ) ( , ) ( , ),

 
(29.1)

where σ is a vector given by the Pauli matrices σ = (σx, σy), 
p = (px, py) is the in-plane momentum operator, V(x) = V0 is 

the one-dimensional potential along the x direction, and ψ(x, y) 
represents the bispinor function. This equation can be readily 
solved giving the following dispersion relation:

 E V v qF− = ±0 � , (29.2)

where vF is the Fermi velocity of Dirac electrons in graphene 
(vF = c/300), q is the two-dimensional wave vector, and “ ± ” 
states electrons and holes, respectively. The corresponding 
wavefunctions, normalized to the graphene sheet area, can be 
written as

 
ψ±

±

± +=






( , ) ,x y
v

e iq x iq yx y1

2

1

 
(29.3)

TABLE 29.1
Physical Properties Stemming from the Different Types of Periodic and Aperiodic Graphene Superlattices 
Reported So Far

Graphene-Based 
System Type of Potential Barriers Physical Properties Reference

Periodic Electrostatic Klein effect and resonant tunneling
Extra Dirac points and anisotropic propagation of charge 
carriers

Ballistic electron beam propagation: collimation
Low-bias negative differential resistance
Tunable transmission gaps
Resonant valley filtering

[35]
[37,40–44,49]

[38,39]
[45]
[46]
[48]

Periodic Magnetic

Spin and electron transport, magnetoresistance
Wave-vector filtering, resonant effects, wave-vector-
dependent gap

Electron beam collimation
Negative differential conducting regions
Effective magnetic field
New Dirac point and anisotropic dispersion
Dirac points in vortex superlattices

[50,51,54,59,60,62–65]
[52]

[53,57]
[54]
[56]
[58]
[61]

Periodic Substrate

Dispersion relation
Effect of gap opening on the transmission and transport 
properties

Transverse current rectification
Extra Dirac point and normalization of the group velocities

[66]
[67]

[68]
[69]

Periodic Strain
Corrugation leads to electronic superlattice: electron transport
Conductivity, shot noise, and density of states
Dichroic absorption: quantum ratchets
Resonant modes
Dirac points and space-dependent Fermi velocity

[70]
[71]
[72]
[73]
[74]

Periodic Hydrogenated Electronic structure
Band gap opening

[75,77–79]
[76]

Periodic Disorder Transmission and conductance [80–82]

Aperiodic

Magnetic-Cantor-like 
Electrostatic-Fibonacci 
Electrostatic-Fibonacci 
Electrostatic-Fractal
Electrostatic-Thue-Morse
Electrostatic-Double-Periodic
Ferromagnetic-Fractal

Transmission and transport properties
Resonant tunneling, spectrum of charge carriers
Electronic band gap and transport 
Modulation of defect modes 
Electronic band gaps, transport, shot-noise 
Non-Bragg band gap and electronic transport 
Spin conductance and tunneling magnetoresistance 

[83]
[84,85,94]
[86]
[87]
[88–91,94]
[92]
[93]
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with qx and qy the components of the two-dimensional wave vec-
tor q given by Equation 29.2. The coefficients v± are given by

 
v

v q iq

E V
F x y

± =
± +( )

−
�

0

,
 (29.4)

As a final remark of this section, we have to mention that 
electrostatic barriers in graphene support effects such as Klein 
tunneling and collimation, as a result of the preservation of 
the Dirac cone structure under electrostatic field effects [9,10].

29.3  BREAKING-SYMMETRY 
SUBSTRATES IN GRAPHENE

Like the electric field effect, substrates have turned out the 
cornerstone of the microelectronics and nanoelectronics era. 
A silicon wafer was the answer to carve out and intercon-
nect millions and millions of transistors [101]. Substrates are 
also a basic element in the current growth techniques, being 
fundamental to obtain the quantum semiconductor structures 
on which are based the cutting-edge electronic and optoelec-
tronic applications. To this respect, substrates in graphene are 
not the exception since they can open an energy band gap as 
well as change the form of the dispersion relation [102]. In 
particular, it is experimentally reported that graphene grown 
on SiC, also known as epitaxial graphene, shows a band gap 
due to the non-negligible interaction between graphene and 
SiC substrate, which turns out in a breaking of symmetry of 
the hexagonal honeycomb lattice of graphene. From a theo-
retical standpoint, this can be treated through the following 
Dirac-type equation:

 
v p t x y E x yF zσ σ ψ ψ⋅( ) + ′  =( , ) ( , ),

 
(29.5)

where t′ = mvF
2 is the mass term, and σz is the z component 

of the Pauli-matrix vector. As in the case of electrostatic field, 
this equation can be straightforwardly solved giving the para-
bolic dispersion relation:

 
E v q tF= ± + ′�2 2 2 2 ,

 
(29.6)

where t′ is proportional to the bandgap, Eg = 2t′. It is impor-
tant to mention that in this case the number of graphene layers 
can control the bandgap. In particular, a bandgap of 0.26 eV, 
0.14 eV, and 0.066 eV is reported for monolayer, bilayer, and 
trilayer graphene, respectively. From now on, t′ will be 0.13 
eV since this work deals with monolayer graphene. The asso-
ciated wavefunctions keep the same mathematical form as in 
the case of graphene subjected to electrostatic field, but now 
the coefficients of the bispinor come as

 
v

E t

v q iqF x y
± = − ′

± −� ( )
.
 (29.7)

As a final comment of this section, it is important to men-
tion that owing to the bandgap opening induced by the sub-
strate, quantities such as pseudo-spin are not conserved and 
consequently Klein tunneling is ruled out [95].

29.4 THEORETICAL MODELS

As we already mentioned in the preceding sections, multi-
barrier structures in graphene can be obtained through dif-
ferent mechanisms or external effects. From a theoretical 
standpoint—irrespective of the external effect used to create 
the barriers—the transmission, transport, and level structure 
properties can be obtained readily through the well-known 
transfer matrix method [103,104]. For instance, consider 
an arbitrary multibarrier structure as the one depicted in 
Figure 29.1. Here, we have represented the external effect as 
vertical arrows and shadowed stripes in certain regions along 
the x coordinate, Figure 29.1a. Depending on the external 
effect, we can have barriers for electrons, holes, or both elec-
trons and holes, Figure 29.1b.

This information will be enclosed in the dispersion rela-
tion and the coefficients of the bispinor wavefunction of the 
different regions that constitute our multibarrier structure. 
Then, taking into account the conservation of the transver-
sal momentum, qy = ky, and imposing the continuity condi-
tion to the wavefunction in the different interfaces along the 
propagation direction (x coordinate), we can obtain a rela-
tion between the coefficients of the forward and backward 
wavefunctions of the left semi-infinite region, A0 and B0, and 
the forward wavefunction of the right semi-infinite region, 
AN+1 and BN+1 = 0 (see Figure 29.1a), through the transfer 
matrix as
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(29.8)

where the transfer matrix is given by
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and defined through the dynamic Dj and propagation Pj 
matrices,
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Here, j N= 1 2, , ,… , qxj, and dj are the x-component of the 
wave vector and the width of the j-th region which can be 
barrier or well depending of the specific multibarrier struc-
ture, and D0 is the dynamic matrix of the semi-infinite left 
and right regions, which in our model are the same. Knowing 
the transfer matrix, we can easily calculate the transmission 
probability:

 

T
A

A M

N= =+1

0 11
2

1
,

 
(29.12)

with M11 the (1,1) element of the transfer matrix. The trans-
mission probability allows us to compute the linear-regime 
conductance straightforwardly through the lines of the 
Landauer–Büttiker formalism [105]:

 

G E
e

h
T E k

dk

L
F F y

y

y
E v

E v

F F

F F

( ) ( , ) ,
/

/

= ( )
−
∫2

2

2

π/
�

�

 

(29.13)

where Ly is the system’s size in the transversal direction, and 
it is assumed large compared to the system’s size in the prop-
agation direction Lx, and EF the Fermi energy of the Dirac 

electrons. The conductance can be written as the angular aver-
age of the transmission probability changing ky by θ through 

the relation, k
E

v
y

F
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and normalizing EF to the barrier height energy E E EF F
* ( ),= / 0
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with G e L E h vy F0
2

0
22= /  the unit of the linear-regime con-

ductance. Finally, the spectrum of bound states is calculated 
changing from open boundary conditions (Figure 29.2a) to 
hard-wall boundary conditions (Figure 29.2b), that is, the 
widths of the first and last barriers of the multiple structures 
are extended to infinity.

Likewise, we have to require a pure imaginary wave vec-
tor for the semi-infinite barrier regions, which turns out in a 
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Ec

Ev
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Ec, v

FIGURE 29.1 Graphene multibarrier structures: (a) Schematic representation of graphene subjected to an arbitrary external effect 
( shadowed stripes) in different regions along the propagation direction (x coordinate); (b) Band-edge profile possibilities depending on the 
external effect used, from top to bottom: barriers for electrons, barriers for holes or barriers for both electrons and holes, respectively.
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transcendental equation between the energy and the transver-
sal wave vector of Dirac electrons as

 
M E k q iBS

y x x11 0( , ; ) ,→ =α
 

(29.16)

where qx is the wave vector along the x-coordinate and it will 
change according to the specific mechanism to generate the 
barriers, Equations 29.2 and 29.7. MBS is given by
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where the superscript “BS” has been used to differentiate this 
transfer matrix Equation 29.17 with respect to the transfer 
matrix of open boundary conditions, Equation 29.9.

29.5 PERIODIC STRUCTURES

The first system that we will analyze is a graphene super-
lattice. Particularly, we will focus our attention in GSLs in 
which the periodic patterns could be created by electrostatic 
and breaking-symmetry-substrate means, see Figure 29.3. In 
the case of electrostatic GSLs (EGSLs), we will consider the 
same polarity (positive) for all regions subjected to a perpen-
dicular electrostatic field, in such a way that we will have a 
Dirac-cone distribution as in Figure 29.3a. This Dirac-cone 
distribution turns out in a periodic band-edge profile for elec-
trons as depicted in Figure 29.3b. In the case of breaking-
symmetry substrate GSLs or simply substrate GSLs (SGSLs), 
the changes induced by the substrates, the bandgap opening, 
and the modification of the energy-dispersion relation, turn 
out in a Dirac-cone distribution or more precisely in a Dirac-
paraboloid distribution as the one depicted in Figure 29.3c, 

that in turn results in a band-edge profile for electrons and 
holes as the one depicted in Figure 29.3d. As we can see from 
the band-edge profiles of EGSLs and SGSLs, the main differ-
ence between these structures is the presence of barriers for 
both electrons and holes in the case of SGSLs, and only barri-
ers for electrons in the case of EGSLs. It is important to men-
tion that the transmission, transport, and electronic structure 
properties are quite sensitive to this difference. Specifically, it 
determines the presence or not of Klein tunneling, the depen-
dence or not of the conductance on the system’s size, and the 
onset-end-degeneration and the onset-end-degeneration-clo-
sure of the energy minibands, as we shall see shortly.

As we are interested in superlattices, we shall address the 
evolution of the transmission, transport, and electronic struc-
ture properties as a function of the number of barriers. So, 
throughout this section, we fix the other parameters of the 
system, specifically we consider: (1) barrier and well widths 
of 50a, where a is the carbon–carbon distance in graphene; 
(2) a barrier height of 0.13 eV, in order to make the compari-
son between EGSLs and SGSLs reliable, since the bandgap 
generated by substrates such as SiC in monolayer graphene 
is of the order of 0.26 eV [102]. Within this context, we show 
in the first place the transmission probability or transmit-
tance as a function of the energy of the incident electrons, see 
Figure 29.4.

Here, we have chosen two angles of incidence for the Dirac 
electrons; particularly, we have considered normal (θ = 0) and 
oblique (θ = π/6) incidence, solid and dashed lines, respec-
tively. The left (Figure 29.4a, c, and e) and right (Figure 29.4b, 
d, and f) columns of this figure correspond to EGSLs and 
SGSLs, whilst the first (Figure 29.4a and b), second (Figure 
29.4c and d), and third (Figure 29.4e and f) rows to the number 
of barriers 3, 6, and 9, respectively. In the case of EGSLs, we 
can see the Klein tunneling (perfect transmission) for normal 
incidence irrespective of the number of barriers, solid line of 
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FIGURE 29.2 Schematic representation of the band-edge profile of a multibarrier structure. (a) The case of open boundaries: two semi-
infinite free regions enclose the multibarrier structure. In this case free means that the semi-infinite regions are not subjected to electrostatic 
or breaking-symmetry-substrate effects. (b) The case of hard-wall boundaries: two semi-infinite regions subjected to external effects (elec-
trostatic or substrate ones) enclose the multibarrier structure. In each case, we depict the dynamic (Dj) and propagation (Pj) matrices of the 
different regions of the system. We also represent the width of the different regions of the multibarrier structure, dj = xj  −  xj-1.
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Figure 29.4a, c, and e. On the contrary, SGSLs show a quite 
different transmission spectrum with transmission windows 
at different energy ranges separated by transmission gaps, 
solid line of Figure 29.4b, d, and f. In general, we can see that 
the transmission windows are formed by resonances, and that 
the number of resonances corresponds to the number of well 
regions in the system, being 2, 5, and 8 for NB = 3, NB = 6, 
and NB = 9, respectively. For oblique incidence, we found a 
similar transmission pattern for both massless (EGSLs) and 
massive Dirac electrons (SGSLs) as in the case of normal 
incidence of SGSLs. The main difference between normal 
and oblique incidence for SGSLs is a shift of the transmis-
sion windows and the transmission gaps to greater energies, 
in absolute value, for electrons and holes, see Figure 29.4b, 
d, and f. As we have already mentioned, our main concern 
is to address the evolution of the transmission probability as 
a function of the number of barriers in the system. To this 
respect, we can see that as the number of barriers increases, 
the number of transmission windows and transmission gaps 
increases as well. We also noticed that the transmission win-
dows and transmission gaps are better defined, that is, we 
have regions of perfect transmission and perfect reflection 
which are typical of the superlattice behavior.

In Figure 29.5a and b, we show the angular distribution of 
the transmission probability for EGSLs and SGSLs, respec-
tively. The solid, dashed, and dotted lines correspond to 3, 
6, and 9 barriers. The energy of the incident electrons was 
fixed to 0.1 eV. As we can notice for EGSLs, the Klein and 

collimation effects are dominant, that is, we have non-zero 
transmission probability for normal incidence and small 
angles, see Figure 29.5a. The net effect of the change in the 
number of barriers is the emergence of some resonances, being 
2 and 4 for NB = 6 and NB = 9, respectively. For SGSLs, the 
angular distribution of the transmittance is quite different, 
see Figure 29.5b. Firstly, the non-zero transmission range is 
larger with respect to EGSLs. Secondly, there is equal number 
of transmission resonances for positive and negative angles, 
being these resonances proportional to the number of well 
regions, NR = NW = NB  −  1, where NR, NW, and NB state 
the number of transmission resonances, wells, and barriers, 
respectively. Thirdly, there is a high transmission probability 
for normal incidence in the case of SGSLs with six barriers, 
dashed line in Figure 29.5b, which comes from the overlap of 
transmission resonances at small angles.

In order to have a broader perspective of the transmission 
properties, contour plots of the transmittance are shown in 
Figure 29.6. In these plots, the horizontal and vertical axes 
correspond to the energy and the angle of the incident elec-
trons, while the grayscale from black to gray correspond to 
zero and perfect transmission. As in Figure 29.4, the first and 
second columns correspond to EGSLs and SGSLs, whilst the 
first, second, and third rows to GSLs with 3, 6, and 9 barriers. 
As we can notice, the transmittance patterns are asymmetric 
with respect to the energy and symmetric with respect to the 
angle for EGSLs, Figure 29.6a, c, and e. For SGSLs, on the 
other hand, the patterns are symmetric for energy and angle, 
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FIGURE 29.3 Dirac-cone distribution and band-edge profile of typical GSLs. (a) Dirac-cone distribution and (b) band-edge profile of 
Electrostatic GSLs. Dirac cones are up shift because the polarity of the electrostatic field considered is positive, and as a result, a periodic 
band-edge profile arises for electrons. In the case of breaking-symmetry substrate GSLs or simply substrate GSLs, the opening of the 
bandgap and the modification of the energy-dispersion relation turn out in a Dirac-paraboloid distribution as depicted in (c) as well as in a 
band-edge profile for electrons and holes as depicted in (d).
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Figure 29.6b, d, and f. We can also see that Klein and colli-
mation effects are present, no matter the number of barriers, 
in EGSLs. For SGSLs, we can notice that the transmission 
probability is pretty sensitive to the system’s size, such that, 
by increasing the number of barriers the transmission patterns 
start to be dominated by more and more regions of negligible 
transmission probability. For both EGSLs and SGSLs, we find 
a periodic pattern of regions of high- and low-transmission 

probabilities along the energy axis. These regions are quite 
sensitive to the system’s parameters; particularly, they are bet-
ter defined: as the number of barriers increases, their number, 
width, and location depend directly on the height of the barri-
ers, and the width of barriers and wells.

It is now time to analyze the linear-regime conductance; to 
do this, we show our results in Figure 29.7. The distribution of 
columns and rows is the same as in Figures 29.4 and 29.6. As 
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FIGURE 29.4 Transmission probability versus the energy of the incident Dirac electrons for normal (θ = 0) and oblique (θ = π/6) inci-
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(f)] to NB = 9, respectively. In all our computations, the height of the barriers is 0.13 eV, the widths of the barriers and wells are 50a, with a 
the carbon–carbon distance in the honeycomb lattice of graphene.
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we can see, the transmission properties are directly reflected 
in the conductance, due to the simple relationship between 
them. Therefore, we also have a periodic pattern in the linear-
regime conductance or in other words oscillations. In general, 
these oscillations get pronounce with the number of barriers, 
no matter if the barriers are of electrostatic or substrate char-
acter. On the contrary, the form and location of them are quite 
sensitive to the type of barriers considered. In particular, we 
can see peaks in the conductance at low Fermi energy, which 
resemble the ones found for two barriers [95]. However, there 
are some peculiarities that arose for EGSLs and SGSLs. For 
instance, the peak in the interval of zero to the half of the bar-
rier (Figure 29.7a, c, and e) is not present for two electrostatic 
barriers [95], and consequently is not related to the bound 
states of the system. Likewise, the second peak gets steeper 
with the number of barriers, contrary to the smoother form of 
the peak in the case of two barriers. In the case of SGSLs, the 
envelopes of the conductance peaks (Figure 29.7b, d, and f) 
resemble the envelopes we found in the system of two barriers 
[95]; however, in this case, the periodic pattern manifests in a 
series of small peaks within the envelope, being these peaks 
proportional to the number of wells in the structure.

As we already stated in our previous work [95], the open-
ing and opening-closure of energy subbands determine the 
form and location of the peaks in the conductance for Klein 
(electrostatic) and non-Klein (substrate) structures. So, fol-
lowing this line, we need to calculate the spectrum of bound 
states or, in the context of GSLs, the miniband structure, in 
order to know how the start, end, degeneration, and closure 
of minibands impact in the location and form of the peaks 
in the conductance. To this respect, Figure 29.8 depicts our 
results about bound states, or in other words, the allowed 
values of energy with respect to the transversal wave vector, 
E = E(ky). The distribution of columns and rows is the same as 
in the preceding figures; however, in this case, we refer to the 

number of wells instead to the number of barriers (hard-wall 
conditions) with the first, second, and third row correspond-
ing to 2, 5, and 8 wells. As a reference, we have included the 
results of single well, solid lines. As in the case of traditional 
SLs (Schrödinger electrons), the multiwell structure splits the 
energy subbands to form energy minibands [27]. As in the 
mentioned case, the energy subbands split such that the same 
number appears above and below the reference (single well 
case). Up to this point, these characteristics are equivalent for 
Schrödinger and Dirac electrons in a periodic potential; how-
ever, there are two new features that arose due to the relativis-
tic character of electrons in graphene, which are degeneration 
and closure of energy minibands. Degeneration shows up for 
EGSLs, while degeneration-closure for SGSLs. These new 
characteristics together with the start and end of the energy 
minibands (arrows at the left) determine the location and form 
of the peaks in the conductance. Specifically, the start and the 
end of the energy minibands mark, qualitatively and quantita-
tively, the onset and fall down of the conductance oscillations, 
whilst the degeneration and closure the steeping of them. This 
trend is presented for all minibands, despite the particularities 
that changes in the system’s parameters (barrier height, bar-
rier, and well widths) can bring, results not shown.

29.6 APERIODIC STRUCTURES

Aperiodic or quasi-periodic structures can be divided into 
what are known as substitutional sequences and model fractal 
structures [26]. The former are generated via repeated substi-
tution procedure and the latter in a way similar to fractal sets. 
Typical substitutional sequences are Fibonacci, Thue-Morse, 
Double-Period, Rudin-Shapiro, and Silver-Mean, while stan-
dard fractal structures are Cantor sets or Koch fractals. So 
far, Fibonacci and Cantor-like structures are the most stud-
ied, from both fundamental and technological standpoints 
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the incident electrons is 0.1 eV.
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[26]. So, we shall focus in these systems, and, specifically, 
how the structural and geometrical characteristics of them 
are manifested in the transmission, transport, and electronic 
properties.

29.6.1 cantor-Like structures

As we have already mentioned above, the Cantor-like or 
simply Cantor structures can be generated in a way similar 

to the Cantor set construction [106]. There are two basic 
parameters that characterize a Cantor structure, the generator 
G = 3, 5, 7, … and the generation number N = 1, 2, 3, … The 
generator states the number of divisions of a specific region, 
and the generation number states the stage or generation of 
the system. As we are dealing with triadic Cantor structures, 
G = 3, which means that at every stage (except the first one, 
that for us is the single barrier case) the regions subjected to 
an external effect are divided by three sub-regions of equal 
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barriers. The other parameters of the system, height and width of barriers as well as width of wells are the same as in Figures 29.4 and 29.5.
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width, two with external effects sandwiching the remaining 
effect-free one. As an example, in Figure 29.9, we show the 
schematic representation of the Dirac-cone distribution and 
band-edge profile of the third generation of Electrostatic 
Cantor Graphene Structures (ECGSs) and Substrate Cantor 
Graphene Structures (SCGSs). Figure 29.9a and b correspond 
to ECGSs, while Figure 29.9c and d to SCGSs. It is also 
important to mention that the first and second generations 
correspond to the single and double barrier cases of GSLs. 

Likewise, we want to mention that the main parameter that 
we shall analyze in the transmission, transport, and elec-
tronic structure is the generation number N. Therefore, we 
will consider an initial width of 540a and the same barrier 
height (0.13 eV) used in GSLs.

In Figure 29.10, we depict the transmission probability in 
ECGSs and SCGSs for different generation numbers versus 
the energy of the incident electrons. As we can see, in the 
case of ECGSs, Klein tunneling (normal incidence) is present 
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no matter the generation number considered. For oblique inci-
dence, on the contrary, we find regions of perfect transmission 
and perfect reflection, in other words, windows and gaps of 
transmission. It is important to mention that the main differ-
ence with respect to GSLs comes in the number of resonances 
within a transmission window, in this case 3. We also see that 
when the generation number changes most resonances split 
and group; the splitting and grouping are proportional to the 
structural difference between consecutive generations, which 

is three for triadic Cantor structures [106]. For SCGSs, there 
is no Klein tunneling, and the normal and oblique transmis-
sion spectra show a similar pattern to the oblique incidence 
one in ECGSs.

Now, it is turn to analyze the transmittance in ECGSs and 
SCGSs for different generation numbers versus the angle of 
incidence. To this respect, Figure 29.11 depicts the angular 
distribution of the transmittance, the first and second columns 
correspond to ECGSs and SCGSs, while the first, second, 

EGSLs

NW = 1

E0 = 0.13 eV
dW = dB = 50A

NW = 2
NW = 1

E0 = 0.13 eV
dW = dB = 50A

NW = 2

NW = 1

E0 = 0.13 eV
dW = dB = 50A

NW = 5

NW = 1

E0 = 0.13 eV
dW = dB = 50A

NW = 8
NW = 1

E0 = 0.13 eV
dW = dB = 50A

NW = 8

NW = 1

E0 = 0.13 eV
dW = dB = 50A

NW = 5

SGSLs

0.30

0.20

0.15

0.10

0.05

0.00

0.25

0.30

0.20

0.15

0.10

0.05

0.00

0.25

0.30

0.20

0.15

0.10

0.05

0.00

0.25

0.00 0.300.250.200.150.100.05 0.00 0.300.250.200.150.100.05
ky (nm−1)

En
er

gy
 (e

V
)

(a) (b)

(c) (d)

(e) (f )

FIGURE 29.8 Spectrum of confined states in EGSLs and SGSLs for different number of wells versus the wave vector ky. The first [(a), (c), 
and (e)] and second [(b), (d), and (f)] columns correspond to EGSLs and SGSLs, while the first [(a) and (b)], second [(c) and (d)], and third [(e) 
and (f)] rows to 2, 5, and 8 wells, respectively. The height and width of barriers and wells are the same as in Figure 29.7. The arrows in the 
left part state the onset and end of the miniband, whilst the arrows in the right part mark the degeneration and closure of them.



465Study of Transmission, Transport, and Electronic Structure Properties

e

e

E

E

E E E EVo Vo Vo Vo

VodB2dB2 dW2dW2 dW1

dW2 dW2dW1

dB2dB2

dB2 dB2dB2dB2

EEEEE

E

2t′2t′2t′2t′

t′
t′

(a)

(b)

(c)

(d)

FIGURE 29.9 Dirac-cone distribution and band-edge profile of the third generation of [(a) and (b)] ECGSs and [(c) and (d)] SCGSs.

ECGSs SCGSs

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0
−1.0 −1.5 0.0 0.5 1.0 −1.0 −1.5 0.0 0.5 1.0

Tr
an

sm
itt

an
ce

(a) (b)

(c) (d)

Energy (eV)

θ = π/4
θ = 0

W = 540a, N = 3
E0 = 0.13 eV

θ = π/4
θ = 0

W = 540a, N = 4
E0 = 0.13 eV

θ = π/4
θ = 0

W = 540a, N = 4
E0 = 0.13 eV

θ = π/4
θ = 0

W = 540a, N = 3
E0 = 0.13 eV

FIGURE 29.10 Transmittance in ECGSs and SCGSs for different generation numbers versus the energy E. The first [(a) and (c)] and sec-
ond [(b) and (d)] columns correspond to ECGSs and SCGSs, while the first [(a) and (b)] and second [(c) and (d)] rows to generation numbers 
3 and 4, respectively. The solid and dotted lines depict normal (θ = 0) and oblique (θ = π/4) incidence, respectively. In this figure, and in the 
rest ones of this subsection, the initial width (540a) and the barrier heights (0.13 eV) will be the same.



466 Graphene Science Handbook

third, and fourth rows to generation numbers 3, 4, 5, and 6 
respectively. The energy of the incident electrons was fixed to 
0.1 eV. For ECGSs, we can see collimation and Klein tunnel-
ing (preference for small angles) irrespective of the generation 
number. In particular, for N = 3, there is a perfect transmis-
sion from −15° to 15°, and a couple of resonances close to 
−60° and 60°. The range of perfect transmission expands with 
the increase in the generation number. For SCGSs, on the 
contrary, there is no collimation and Klein tunneling, instead, 
there are resonances symmetrically distributed for positive 
and negative angles. As we increase the generation number 
each resonance expands, such that the transmission patterns 
present an envelope with self-similar characteristics. We can 

also note that the transmittance is pretty sensitive to the size’s 
system, since it increases as the generation number rise, due to 
the reduction of the effective width of the system.

To have a general perspective of the transmission proper-
ties, the contour plots of the transmittance are depicted in 
Figure 29.12. The distribution of columns and rows is the 
same as that in Figure 29.11, except that, in this case, we only 
analyze generation numbers 3, 4, and 5. As we can notice, the 
contour plots for ECGSs are asymmetric with respect to the 
energy axis, which is quite natural since we have only barriers 
for electrons. However, as the generation number increases 
they get symmetric. We can also see that for higher genera-
tions the contours are more fragmented, for both ECGSs and 
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SCGSs. This fragmentation is intricate, but we can see that 
some of the transmission windows are clustered according to 
the geometrical characteristics of our system, that is, we can 
find clusters with three semi-circular windows, surrounded 
by gaps and isolated regions of perfect transmission. Other 
feature clearly seen is the widening of the angular range of 
perfect transmission for ECGSs when the generation number 
increases.

The conductance in ECGSs and SCGSs for different gen-
eration numbers versus de Fermi energy, EF, is presented in 
Figure 29.13. The first and second rows correspond to ECGSs 
and SCGSs, while the second column represents zooms of 
the figures in the first column. The solid, dashed, dotted, and 
dashed-dotted lines correspond to structures with generation 
numbers 3, 4, 5, and 6, respectively. For ECGSs, all conduc-
tance curves are asymmetric, contrary to the symmetric curves 

ECGSs SCGSs1.0

0.5

0.0

−0.5

−1.0
1.0

0.5

0.0

−0.5

−1.0
1.0

0.5

0.0

−0.5

−1.0
−3 −2 −1 0 1 2 3 −3 −2 −1 0 1 2 3

(a) (b)

(c) (d)

(e) (f )

1.000

0.6281

0.000

0.1256

0.2512

0.3769

0.5025

0.7537

0.8794

E/E0

θ/
θ 0

FIGURE 29.12 Contour plots of the transmission probability versus energy E and angle θ. The left [(a), (c), and (e)] and right [(b), (d), and 
(f)] columns correspond to ECGSs and SCGSs, whilst the first [(a) and (b)], second [(c) and (d)], and third [(e) and (f)] rows to generation 
numbers 3, 4, and 6, respectively.



468 Graphene Science Handbook

presented for SCGSs. In both cases, ECGSs and SCGSs, we 
can see a rise in the conductance with the generation num-
ber, which is a consequence of the overall increase of the 
transmission properties due to the reduction of the effective 
width of the system, see contour plots of the transmittance. 
Another characteristic that we can observe is the oscillating 
character of the conductance. However, the form and location 
of the peaks that give rise to the oscillations are quite dif-
ferent between ECGSs and SCGSs. We can also notice that 
the oscillations gradually disappear by increasing the genera-
tion number in ECGSs. In SCGSs, on the contrary, the oscil-
lations are preserved in a remarkable self-similar fashion. 
Particularly, our outcomes for generation numbers 4, 5, and 
6 are quite similar (see Figure 29.13d). For these generations, 
we can also notice that the geometrical characteristics of our 
system are manifested in the conductance, since the oscilla-
tions are clustered. Specifically, we find three oscillations at 
the low energy range, then a pronounced rise of the conduc-
tance, followed by another three oscillations.

To end this subsection, the spectrum of bound states in 
ECGSs and SCGSs for different generation numbers versus 
the transversal wave vector ky is presented in Figure 29.14. The 
distribution of columns and rows is the same used in Figure 
29.11. That is, Figure 29.14a, c, e, and g are the spectrum of 
bound states of ECGSs, while Figure 29.14b, d, f, and h are 

our outcomes for SCGSs. Likewise, Figure 29.14a and b, c and 
d, e and f, and g and f depict our results for generation num-
bers 3, 4, 5, and 6, respectively. As we can see, the spectrum 
of bound states is not an exception, and like in the case of 
transmission and conductance the geometrical characteristics 
of our system are manifested. For instance, we can see clus-
ters of subbands, and remarkably the number of subbands in 
each cluster is three, which is the basic factor in triadic Cantor 
structures. These clusters tend to degenerate and degenerate-
close for ECGSs and SCGSs, respectively. It is important to 
mention that some of the subbands are not sensitive to the 
clustering effect, remaining isolated even when the generation 
number increases. Last but not least, is the reasonable corre-
lation that we can see between the spectrum of bound states 
and the conductance in SCGSs. The basic characteristics to 
understand this correlation are the opening, degeneration, and 
closure of the subbands. It is well known that when a sub-
band opens, a decrease in the transport properties takes place, 
while when the subbands degenerate or close an increase 
happens. By analyzing Figure 29.14d, we can identify three 
regions, one at low energy with three oscillations followed by 
another with a steep rise and finally other with three oscil-
lations. These regions match reasonably with the three sub-
bands clustered at low energy, the region of degeneration and 
closure close to 0.1 eV, and the other three subbands grouped 
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above the degeneration-closure region. For ECGSs, this cor-
relation is not found, possibly as a result of collimation and 
Klein tunneling which are present in these structures. In other 
words, in order to see self-similar characteristics in the con-
ductance of Cantor graphene structures, it is crucial, in prin-
ciple, the non-conservation of the pseudo-spin.

29.6.2 fiBonacci quasi-periodic structures

Now, it is turn to analyze our outcomes for Fibonacci graphene 
structures (FGSs). As in the case of GSLs and Cantor gra-
phene structures (CGSs), we will study systems in which the 
barriers are generated by electrostatic and substrate means. 
We will call these systems as Electrostatic FGSs (EFGSs) and 
Substrate FGSs (SFGSs). In particular, we shall pay attention 
to the evolution of the transmission, transport, and spectrum 
of bound states for different generations. So, the widths and 
heights of the barriers and wells will remain fixed through-
out the analysis. Specifically, we have chosen barrier and well 
widths of 50a, and barrier heights of 0.13 eV. Likewise, we 
have included the results of the periodic case as reference.

To obtain our quasi-periodic structure, we need seeds A 
and B, where A represents a barrier of width and height of 
50a and 0.13 eV respectively, while B corresponds to a well 
of width 50a. After this, we apply the substitutional rules 
of the Fibonacci sequence, ζ(A) = AB and ζ(B) = A, with A 
as the starting generation. Finally, the quasi-periodic struc-
ture is sandwiched with two semi-infinite free (barrier) 
regions for transmission–transport (bound state) calculations. 
As an example, the Dirac-cone distribution and the band-
edge profile of the fifth generation of FGSs are depicted in 
Figure 29.15. Figure 29.15a and b correspond to EFGSs, whilst 

Figure 29.15c and d to SFGSs. It is important to mention that 
the first and third generations coincide with the single and 
double barrier cases of GSLs, so we will focus on higher gen-
erations; particularly, in generations 5 and 7, as we shall see 
below.

The transmission probability in EFGSs and SFGSs 
for different generations versus the energy is depicted in 
Figure 29.16. The first column corresponds to EFGSs, while 
the second and third one represent our outcomes for SFGSs. 
In terms of rows, the first and second one correspond to gen-
erations 5 and 7, respectively. As we can see, the main effect 
of the quasi-periodicity (dotted lines) is to reduce and frag-
ment the transmission windows presented in the periodic 
case (solid lines). With reduce and fragment, we mean that 
resonances are reduced and re-arranged. Here, it is impor-
tant to mention that, in order to make the comparison between 
Periodic Graphene Structures (PGSs) and FGSs reliable, we 
have considered periodic systems with the same number of 
barriers in quasi-periodic ones. As in the cases of EGSLs 
and ECGSs, Klein tunneling is presented in EFGSs at nor-
mal incidence θ = 0, while typical transmission curves (with 
transmission windows and gaps) are presented at oblique inci-
dence θ = π/6. In SFGSs, Klein tunneling is ruled out, and 
similar transmission curves for both normal and oblique inci-
dence are obtained.

In the case of the angular distribution of the transmittance, 
we can see that quasi-periodicity favors collimation and Klein 
tunneling in EFGSs, see Figure 29.17a and c. In SFGSs, the 
transmission resonances are reduced and diminished with 
respect to PGSs; compare dotted lines with respect to solid 
ones in Figure 29.17b and d. In all these curves, the energy 
of the incident electrons was fixed to 0.1 eV. In these figures, 
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the first and second columns correspond to Electrostatic and 
Substrate Graphene Structures, whilst the first and second 
rows represent PGSs and FGSs, respectively.

In order to have a broader perspective of the transmission 
properties, the contour plots of the transmittance of EFGSs 
and SFGSs, for generations 5 and 7 are depicted in Figures 
29.18 and 29.19, respectively. In these graphs, the first and 
second columns correspond to Electrostatic and Substrate 
Graphene Structures, whilst the first and second rows repre-
sent PGSs and FGSs. As we can see, the typical transmission 
contours of GSLs, already shown and analyzed in Section 
29.5, are obtained for PGSs, see Figure 29.18a and b as well 
as Figure 29.19a and b. That is, semi-circular regions of high 
transmission bounded by regions of low transmission and 
transmission gaps are presented for electrostatic and substrate 
PGSs, respectively. These regions are fragmented and dimin-
ished once the quasi-periodicity is considered, see Figure 
29.18c and d as well as Figure 29.19c and d.

The conductance curves of EFGSs and SFGSs are shown 
in Figure 29.20 for different generations. Here, Figure 29.20a 

and b depict our outcomes for N = 5, and Figure 29.20c and 
d show our results for N = 7, first and second column, respec-
tively. The solid lines represent the conductance of our refer-
ence system (PGSs). As we can notice, the quasi-periodicity 
diminishes the conductance in general, and also reduces and 
redistributes the number of peaks that give rise to the oscil-
lations in the conductance. In particular, SFGSs are pretty 
sensitive to the generation, since the conductance decreases 
drastically when the generation increases. On the contrary, 
the collimation and Klein tunneling sustain the conductance 
in EFGSs at the same order of magnitude that the conduc-
tance in PGSs.

Finally, it is important to remark that the oscillations in 
the conductance and its changes as a result of the quasi-peri-
odicity can be interpret through the changes in the spectrum 
of bound states, see Figures 29.21 and 29.22. The spectra 
of bound states for EFGSs are shown in Figure 29.21, and 
the corresponding ones to SFGSs in Figure 29.22. We have 
included our reference system PGSs, Figure 29.21a and c as 
well as Figure 29.22a and c. The results for generations 5 and 
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7 are depicted in Figure 29.21a and b and Figure 29.22a and 
b, respectively. As in the transmission properties, the main 
effect of quasi-periodicity is to decrease the number of sub-
bands as well as the degeneration and degeneration-closure 
of the energy minibands, see Figure 29.21b and d and Figure 
29.22b and d.

29.7 CONCLUDING REMARKS

In summary, we have studied the transmission, transport, and 
spectrum of bound states of periodic and aperiodic graphene-
based structures. We have implemented the transfer matrix 
approach and the Landauer–Büttiker formula to calculate the 
mentioned properties for graphene superlattices, Cantor and 
Fibonacci graphene structures in which the barriers that form 
the periodic and quasi-periodic patterns are of electrostatic 
and breaking-symmetry-substrate character. We have found 
that in order to understand the conductance and its particu-
larities, like the form and location of the peaks that give rise 
to oscillations, it is mandatory to calculate the spectrum of 
bound states. As in the case of Schrödinger electrons, the 
periodic pattern of barrier-well in graphene superlattices 

turns out in energy minibands; however, there is a new feature 
for Dirac electrons, and this feature is known as degenera-
tion. Degeneration means that an energy miniband collapses 
to a single subband for a specific transversal wave vector. 
Degeneration together with the opening and opening-closure 
[95] of the energy minibands determine the form and loca-
tion of the conductance peaks in electrostatic and substrate 
graphene superlattices. In the case of Cantor and Fibonacci 
graphene structures, we have found that the structural and geo-
metrical characteristics of them are manifested in practically 
all properties. In particular, the transmission and conductance 
present self-similarity, while the spectrum of bound states is 
fragmented and grouped according to the geometrical char-
acteristics of the aperiodic structure considered. Finally, as 
in the case of graphene superlattices, the spectrum of bound 
states allowed us to understand the form and location of the 
conductance peaks in quasi-periodic graphene structures.

29.8 PERSPECTIVES

Taking into account the variety of effects that could be used 
to generate potential barriers in graphene, we believe that 
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there is a plenty of work to unveil the transmission, transport, 
and electronic properties of periodic and aperiodic graphene-
based structures. Particularly, we consider that the com-
putation of the spectrum of bound states is fundamental to 
understand the transport properties in graphene, specifically 
the oscillatory behavior of the conductance, that is, the form 
and location of the conductance peaks.
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30 Benefits of Few-Layer Graphene 
Structures for Various Applications

I. V. Antonova and V. Ya. Prinz

ABSTRACT

This chapter demonstrates new routes and extends the range 
of future applications for few-layer graphene (FLG). Few 
examples of utilization of the FLG for the creation of new 
advanced materials and graphene-based structures are pre-
sented. There are several distinctive properties that make 
the FLG eligible for such applications. Among them are (1) 
the high sensitivity of FLG for sensor application, (2) hybrid 
substrates provided the high carrier mobility in graphene, (3) 
superlattice hydrogenated graphene/NMP monolayer with 
high carrier mobility, (4) fluorination of graphene or FLG by 
chemical functionalization, (5) advantages of FLG for flash 
memory effects, and so on.

30.1 INTRODUCTION

The discovery of graphene holds the promise of unique device 
architectures and functionalities and new physical phenomena 
[1,2]. The present period of graphene study opens new routes 
and extended the range of future applications [3,4]. For many 
practical applications, a few-layer graphene (FLG) structure 
often demonstrates even more exiting properties than does 
graphene itself. The discovery of FLG provides a basis for the 
development of graphene-based materials for future applica-
tions. Nearly all the intrinsic properties of graphene are also 
inherent to FLG (including its high conductivity, high mobil-
ity, high thermal conductivity, thickness-dependent optical 
transparency, and good mechanical properties) except for lin-
ear energy dispersion. Moreover, the utilization of FLG pro-
vides additional possibilities for chemical functionalization: 
such approaches include intercalation, the modification of an 

individual layer or one side of a layer and the creation of a 
vertical superlattice. The novel properties of such modified 
layers and new functionalities due to interlayer interactions 
also look very promising. As a result, extremely thin vertical 
FLG-based heterostructures can be created, and new func-
tionalities and physical phenomena in vertical transport can 
be expected. The creation of an FLG-based structure with dif-
ferent properties of the separate layers leads to prospects for 
the 3D architecture of future devices. Figure 30.1 presents few 
examples of the prospective approaches for FLG-based future 
devices. These properties, in combination with the possibility 
to fabricate large-area 2D films of FLG, extend the spectrum 
of potential applications and provide a strong possibility for 
the realization of these applications.

It is necessary to mention here that FLG films generally 
demonstrate interesting properties when the film thickness is 
in the order of a few nanometers (<10 nm). We consider such 
FLG films in this chapter.

We have demonstrated a set of attractive FLG properties 
and created some advanced FLG-based structures. First, the 
gas-sensing properties of FLG are extremely high in compari-
son to those with graphene. The resistivity response to ammo-
nia adsorption is strongly dependent on film thickness and is 
higher than that of graphene by 1–8 orders of magnitude for 
an FLG thickness of 2–6 nm. Second, an FLG-based hybrid 
material with high stability and reproducible properties was 
fabricated by the intercalation of N-methylpyrrolidone (NMP) 
into FLG combined with heat treatment. Low-temperature 
annealing (100–180°C) leads to a strong increase in the resis-
tivity (~7 orders of magnitude) of intercalated films. Recovery 
of the top-layer conductivity by chemical cleaning allows us 
to create structures of graphene with high carrier mobility 
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(up  to 40,000 cm2/Vs) on an atomically flat, highly resis-
tive substrate. The annealing of the intercalated structures at 
higher temperatures of 190–280°C was found to lead to the 
formation of a hydrogenated graphene/NMP superlattice with 
relatively high carrier mobility (3000–5000 cm2/Vs on SiO2/
Si). These and other prospective FLG-based materials will be 
discussed in this chapter.

30.2 FLG FOR SENSOR APPLICATIONS

Extremely high gas-sensing properties of p-type FLG flakes 
exfoliated from highly oriented pyrolytic graphite have been 
demonstrated [5]. The structures initially had p-type conduc-
tivity. Adsorption of ammonia leads to n-type doping of FLG 
flakes [6]. Thus, exposure to ambient ammonia increases the 
resistance of graphene or FLG flakes (see Figure 30.2). A rela-
tively weak change in resistivity due to ammonia absorption 

was observed for graphene. The response of graphene to 
ammonia adsorption is ~4% (see References 7–10), while 
the response of bigraphene (see Figure 30.2) was found to 
be ~70% [5]. An increase in graphene thickness leads to an 
increase in the number of gas-adsorption sites as a result of 
summing the defect points of both layers. For an FLG thick-
nesses of <2 nm, the current–voltage characteristics of the 
structures measured in transistor mode after long exposures 
to ammonia revealed n-type conductivity in graphene flakes. 
An increase in flake thickness leads to an increase in response 
of up to 7 orders of magnitude for a thickness of ~2 nm. 
Once the flake thickness becomes larger than the interlayer 
screening length, the response begins to decrease. Samples 
with flake thicknesses ranging from 3 to 10 nm exhibited a 
decrease in their response to ammonia as their thickness was 
increased (100%–25% change in resistivity). No conversion to 
n-type conductivity was found in those films, but local areas 
with n-type conductivity formed at the surface near defects 
and grain boundaries, and there was evidence of a decrease in 
the occurrence of these areas with depth.

The sensitivities of different graphene structures to ammo-
nia adsorption as a function of flake thickness are illustrated 
in Figure 30.3. The resistivity response to ammonia adsorp-
tion is strongly dependent on film thickness and is higher 
than that of graphene by 1–8 orders of magnitude. The effect 
is attributed to the formation of multiple p–n–p junctions at 
the grain boundaries in the polycrystalline graphene flakes 
exposed to ambient ammonia-containing agents. Graphene 
exfoliated from graphite is known to exist on a large scale 
in polycrystalline form (see, e.g., Reference 11). The charge 
screening length is often estimated as 0.5 nm [12] in gra-
phene and 0.4 nm in graphite for a sheet carrier density of 
~1 × 1013 cm−2 [13]. Making graphite samples thinner than 
approximately 50 nm will eventually lead to a measurable 
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field effect, as the properties of the induced charge density 
against the background of the unaffected bulk charge density 
become significant [14]. The carrier density in our samples 
was less than or equal to approximately 1 × 1012 cm−2 per 
graphene sheet. As a result, a greater screening length in our 
samples could be expected. H. Miyazaki et al. experimentally 
obtained an inter-layer screening length of 1.2 nm in struc-
tures with a sheet carrier density of ~1 × 1012 cm−2 [15,16]. In 
our polycrystalline films (see Figure 30.4), the average sheet 
density of the charge carriers was (0.5–2) × 1012 cm−2; at the 
grain boundaries, an even lower density of the charge carriers 
is generally expected. Thus, the largest inter-layer screening 
length is expected to occur at the grain boundaries. Therefore, 
n-type doping could be expected to proceed nonuniformly 
over graphene sheets, causing the formation of multiple 
p–n–p junctions in them. A similar effect is expected due to 
the presence of monolayer steps on the surface. A high activ-
ity of these steps leads to first-priority ammonia adsorption 
on these steps with the formation of additional p–n junctions.

Two main conclusions can be drawn from Figure 30.3. The 
first conclusion is that the number of ammonia-adsorption sites 
increases as the number of monolayers (<2 nm) increases. The 
second conclusion is that our FLG structures with thicknesses 
of greater than ~2 nm exhibited a decrease in response due to 
the shunting of conductivity by the deeper layers. Generally, 
we must conclude that FLG structures demonstrate a higher 
response to ammonia in comparison to that of graphene.

Ultrafast and sensitive room temperature NH3 gas sensors 
based on chemically reduced graphene oxide were recently 
demonstrated by Lu et al. [17]. The high sensing performance 
of these sensors with resistance change as high as 2.4% and 
response time as fast as 1.4 s was realized when the concen-
tration of NH3 gas was as low as 1 ppb on relatively thick 
graphene oxide films.

Using different gases (for instance, CO2), we also demon-
strated that the response of FLG is also higher than that of 
graphene for gases other than ammonia. The change in cur-
rent for FLG with a thickness of 3.7 nm due to CO2 absorption 
is equal to 11% and is depicted in Figure 30.5. The response 
of graphene is equal to 2% [18]. Yoona et al. [19] have demon-
strated a current response of up to 26% for an FLG thickness 

of 1.2 nm. The above responses again demonstrate a depen-
dence on thickness that reaches a maximum response.

The obtained high FLG sensitivity can be well understood 
in terms of the effect of defects in graphene or in the substrate 
discovered by B. Kumar et al. [20,21]: the sensitivity of pris-
tine graphene is increased by an increase in defect concentra-
tion in graphene. The operational mode of pristine graphene 
sensors is dependent on defects because the sp3-like charac-
ter of defect sites in graphene sensors can form low-energy 
sorption sites for a broad spectrum of molecules. It was also 
demonstrated that the sensitivity of pristine graphene is not 
necessarily intrinsic to graphene, but rather it is facilitated by 
external defects in the insulating substrate, which can modu-
late the electronic properties of graphene [21]. An increase 
in the number of polycrystalline monolayers also leads to a 
collection of defect sites for the adsorption of gas molecules 
within a range of a few monolayers.

Graphene multilayer films (platelet network), created from 
graphene oxide, reduce graphene oxide or graphene flakes are 
one of the practical solutions to optimize gas detection and 
selectivity [22–25]. Theoretical studies support the fact that 
graphene functionalization is the best way to improve sens-
ing performance, the gas molecules being weakly adsorbed 
on pristine graphene and more stronger on doped or defec-
tive graphene [26,27]. The high sensing performance of the 
reduced graphene oxide sensors with resistance change as high 
as 2.4% and response time as fast as 1.4 s when the concen-
tration of NH3 gas was as low as 1 ppb and ~20% for 10 ppm 
has recently been realized by Hu et al. [17]. The authors dem-
onstrated ultrafast and sensitive room temperature NH3 gas 
sensors by means of creation of the platelet networks between 
Cr/Au electrodes. Platelets with a thickness of 0.7–3.2 nm 
were formed from the reduction of graphene oxide platelets 
with their functionalization by pyrrole. These sensors, with 
low cost, low power, and easy fabrication, as well as scalable 
properties, showed great potential for ultrasensitive detection 
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FIGURE 30.4 Atomic force microscopy image of samples with 
grain boundaries visualized by means of chemical functionalization. 
The image size is 10 μm. The inset shows a sketch of the n- (network 
of boundaries) and p-type (grain) areas after ammonia adsorption.
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of NH3 gas in a wide variety of fields. The sensitivity of these 
sensors for dimethyl methylphosphonate, methanol, dichlo-
romethane, cyclohexane, chloroform, triethylamine vapors, 
CO2 or CO, and other vapors was also measured. Graphene 
sponges that possess excellent conductivity coupled with high 
surface area have been shown to make an excellent platform 
for electrochemical sensors to detect certain important bio-
logical moieties at very low concentrations [28].

30.3  SUBSTRATES FOR HIGH CARRIER 
MOBILITY IN GRAPHENE

2D materials require a high-quality substrate to provide their 
functionality. For instance, polycrystalline graphene on an 
SiO2/Si substrate has a carrier mobility at room temperature 
of approximately 2000–4000 cm2/Vs due to carrier scattering 
on the charges in SiO2 [29]. The mobility in the monocrystal-
line domain is higher, up to 10,000 cm2/Vs [30]. Graphene on 
hexagonal boron-nitride (h-BN) demonstrates a carrier mobil-
ity of approximately 35,000–40,000 cm2/Vs [31] at room tem-
perature, and graphene on CVD-grown h-BN has a carrier 
mobility from 1100 to 2500 cm2/Vs [32] in the case of rela-
tively low-quality h-BN or a low-quality grown layer and up to 
20,000 cm2/Vs for single-domain graphene [33]. The highest 
carrier-mobility values at room temperature (~100,000 cm2/
Vs [34,35]) have been observed in suspended graphene (gra-
phene on nothing). Higher values of the carrier mobility have 
been observed only at low temperatures [36–38]. Therefore, 
the problem of choosing the optimum substrate for graphene 
and FLG is still unresolved, and the search for new substrates 
is still ongoing. The main idea driving the present approach to 
identifying a substrate that can provide high carrier mobility 
in graphene is as follows. We have proposed a new approach 
to solving this problem by means of the chemical functional-
ization of FLG, which has enabled the formation of a highly 
resistive derivative with subsequent cleaning of the surface 
and recovery of the top-layer conductivity [39].

The strategy for the creation of new substrates for graphene 
is given below (see also Figure 30.6). Graphite intercalation 
compounds are a well-known class of hybrid materials (see, 
for instance, Reference 40). Graphene and FLG are known to 

actively interact with a wide spectrum of organic and nonor-
ganic materials [41–43]. The intercalation of nonconductive 
organic molecules and the interaction of these molecules with 
graphene plates are expected to lead to an increase in film 
resistivity. In fact, it was found that annealing at relatively low 
temperatures (100–180°C) of NMP-intercalated FLG films 
leads to a strong increase in film resistivity (102–104 Ω cm), 
leading to the creation of a stable material with interesting 
and reproducible properties [44,45]. Repairing the top layer 
by treating it with hydrofluoric acid (HF) allows us to create 
a highly conductive single layer with a carrier mobility of up 
to 16,000–42,000 cm2/Vs [44]. Moreover, the entire cycle of 
functionalization and cleaning treatments is capable of provid-
ing a strong gate-voltage-induced modulation (by 4–5 orders 
of magnitude) of the current in the top monolayer (modified 
graphene). The creation of highly resistive FLG film with sub-
sequent cleaning and repair of the top-layer conductivity may 
be a solution to the problem of choosing the proper substrate 
for graphene.

Polar solvents, such as NMP and C5H9NO, that are per-
fectly matched to the graphene surface energy are very effi-
cient chemicals for stabilizing FLG sheets in solution, and 
they provide a unique basis for further processing [44]. The 
structural formula of NMP is given in the inset of Figure 30.7. 
The intercalation agent was chosen based on the well-known 
capability of NMP to penetrate between graphene layers [44]. 
The ability to create chemically non-modified graphene–
NMP solutions is widely used for the preparation of graphene 
suspensions for various applications [40]. It is very important 
that a suspension of graphene in NMP provides chemically 
non-modified graphene sheets at room temperature. We have 
found that annealing NMP-intercalated graphene drastically 
modifies the properties of FLG structures [44,45]. As a result, 
we gain the possibility to fabricate a highly resistive material 

Few-layer graphene
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FIGURE 30.6 Sketch of the creation of a highly resistive substrate 
for graphene with high carrier mobility.
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with stable electronic properties, offering another advanced 
application for the employment of NMP.

30.3.1  creation of hiGhLy resistive 
suBstrates and their properties

Ribbons of FLG were created for NMP intercalation. These 
ribbons were created as follows. First, the surface of HOPG 
was structured using lithography and dry etching to a depth 
of several micrometers through a lithography mask. Ribbons 
with a width of 2–20 μm were then transferred onto a 300-nm 
SiO2/Si substrate with the help of a printing technique imple-
mented on a 6-in. nano-imprinting equipment that is commer-
cially available from Obducat and the intermediate polymer 
substrate. The details of the sample preparation are given in 
References 39 and 44. We have evaluated the time required 
for NMP intercalation based on an NMP-intercalation veloc-
ity of 0.5 μm per day [45]. Annealing of the NMP-intercalated 
structures was performed at a set of temperatures in the range 
from 80°C to 180°C for a duration of 5 min in air ambient; this 
annealing was the final step leading to the creation of a stable 
highly resistive material in this study. The NMP-intercalation 
velocity was estimated from the data shown in Figure 30.7. 
Intercalation of the proper time leads to the introduction of a 
dense monolayer of NMP molecules and a step-like increase 
in resistivity after annealing due to the interaction of the NMP 
molecules with the nearby graphene layers.

Figure 30.8 presents the dependence between resistivity 
and carrier mobility for different hybrid structures created at 
different temperatures. The maximum carrier mobility corre-
sponds to annealing temperatures of 140–150°C. In reference 
(non-intercalated) graphene ribbons annealed at different tem-
peratures within the indicated temperature range, the resis-
tivity showed no substantial change. For structures created at 
100°C < T < 180°C, we assume that the intercalated NMP mol-
ecules interacted with the carbon atoms of the graphene layers 
via the formation of bonds through oxygen. The variation of the 
structure thicknesses in the range from 3 to 6 nm led to a slight 
variation in the resistivities of the structures. Repeated mea-
surements (over a period of up to one year) have demonstrated 
that the properties of the hybrid structures were stable.

The influence of NMP coverage on the vibrational and 
electronic properties of graphene layers was studied under 
ambient conditions using Raman spectroscopy. Raman spec-
troscopy is a powerful technique used to observe the dominant 
vibrational modes in a system. Figure 30.9 shows the Raman 
spectra of several samples annealed at different temperatures. 
The most prominent peak G at ~1580 cm−1 is known to arise 
from in-plane vibrations of sp2 carbon atoms. The peak D at 
1350 cm−1 is an indicator of intrinsic defects present in gra-
phene sheets or a basal-plane chemical reaction that breaks 
the π-bonds and converts the sp2 carbon-atom hybridization 
into sp3 hybridization [46,47]. It is surprising that our highly 
resistive FLG structures, after intercalation and annealing at 
100°C < T < 180°C, demonstrated no pronounced changes in 
their Raman spectra. This means that interaction with NMP, 
as suggested above, does not lead to graphene oxidation.

We must stress here that the created structures were vertical 
superlattices of functionalized graphene and organic (dielec-
tric) single layers. The thicknesses of these structures were 
increased due to intercalation by only ~15%. For every tem-
perature used for the fabrication of our hybrid structures, we 
prepared several structures to evaluate the reproducibility of 
the resistivity of our hybrid material; as a result, a rather good 
reproducibility was identified. We also performed repeated 
measurements of the Raman scattering and I–V characteristics 
of our structures over a one-year period with the aim of test-
ing our hybrid structures for long-term stability. In this way, a 
good stability of the measured properties was confirmed.

30.3.2  cLeaninG of the top Layer 
for hiGh conductivity

Let us consider first the hybrid structure created from single-
layer graphene (NMP-treated structure annealed at 150°C). 
The treatment of this highly resistive structure with HF led 
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to a strong increase (recovery) of the structure’s conductivity. 
Figure 30.10a shows the current–voltage characteristics mea-
sured for the single-layer graphene–NMP hybrid structure. 
The resistivity of this structure was 3.5 × 108 Ω/◽ before 
cleaning, and it was decreased by seven orders of magnitude 
after 1 min of treatment in HF vapor. Presumably, such treat-
ments caused the removal of NMP molecules from graphene 
surfaces. The low resistivity of the repaired graphene is most 
likely related to the strong modification of graphene through-
out the entire cycle of treatments (intercalation, annealing, 
and chemical cleaning).

Figure 30.10b shows the drain–source current as a func-
tion of gate voltage Ids(Vg) measured using the Si substrate 
as the gate. From the measured Ids(Vg) characteristics in the 
linear region, the field-effect carrier mobility (holes or elec-
trons) could be estimated using the traditional approach for a 
semiconductor field-effect transistor (expression 30.1), which 
is commonly used for the estimation of carrier mobility in gra-
phene and FLG (see, for instance, References 31, 48, and 49):

 
µ = 





∆ ∆I C
W
L

V VDS OX DS g/
 

(30.1)

In Equation 30.1, μ is the carrier mobility; W and L are the 
flake width and the flake length, respectively; Cox = εoxεo/tox is 
the gate oxide capacitance (εox = 3.9 is the relative permittiv-
ity of silicon dioxide and tox = 300 nm is the initial thickness 
of the gate oxide layer); and ΔIDS is the shift in the current 
IDS induced by a gate-voltage change of ΔVg. Treatment with 
HF leads to a decrease in thickness of the oxide underlayer 
tox. Therefore, the real thicknesses tox estimated from the 
SiO2 color were used to determine mobility in these cases. 
The minimum thickness of the SiO2 after the HF treatments 
used in this study was 60–80 nm. We would like to note here 
that the strong modulation of the current observed after HF 
treatment gives the recovered graphene very promising new 
properties. The carrier mobility determined from the Ids(Vg) 
characteristics for graphene increases after a 1-min HF treat-
ment from 650 to 11,000 cm2/Vs for holes and from 50 to 
30,000–41,000 cm2/Vs for electrons. The strong increase in 
carrier mobility was attributed to the cleaning and suspending 
of the graphene obtained in this case.

For FLG with highly resistive substrates created at dif-
ferent temperatures, the HF treatment led to a decrease in 
flake resistivity by a factor of 102–104. The changes in resis-
tivity and carrier mobility for two FLG hybrid structures as 
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a function of the duration of the HF treatment are shown in 
Figure 30.11. In this case, the relatively low decrease in flake 
resistivity is most likely because only one side of the top gra-
phene layer was given the cleaning treatment. The observed 
shift of the Dirac point in the Ids(Vg) characteristics of the 
structures toward negative voltages after the HF treatment 
proved that, during the HF treatment, the samples were given 
an n-type doping.

SEM and AFM images of the surfaces of the FLG struc-
tures obtained after the treatment of the samples in HF vapor 
are shown in Figure 30.12. Both images illustrate the good 
surface quality of the treated samples. Generally, our rib-
bons lie flat on the oxide residue left on the sample surface 
after the HF treatments. The SEM and AFM images were 
also indicative of the fact that the oxide surface was flat, and 
the oxide was uniformly etched under our ribbons in the HF 
vapor. Thus, the thickness of the residual oxide can be used as 
the gate oxide thickness to calculate the carrier mobility. The 
Raman spectra of the structures treated in HF vapor exhibit a 
very weak D band. This observation provides evidence for a 
“soft” functionalization of the FLG hybrid structures, includ-
ing the top monolayer with recovered conductivity.

With the aim of checking our hypothesis that the HF treat-
ment causes a recovery of the conductivity in the top layer, 
we examined the surface conductivity with the help of a 

conductive probe operating in contact mode (SpRI measure-
ments). Figure 30.13a shows the current–voltage characteris-
tics for a 4-nm-thick structure created by means of annealing 
at a temperature of 150°C before and after a 1-min treatment 
of the sample in HF vapor measured at approximately the 
same point on the sample surface. A strong increase in the 
current value is evident. The current maps shown in Figure 
30.13b, c also lend support to the conclusion that follows from 
an inspection of Figure 30.13a with larger statistics. The latter 
provides direct evidence for the increase in conductivity of 
the top graphene layer during treatment in HF vapor.

The Raman spectra of the structures treated in HF vapor 
look like the spectra shown in Figure 30.9. It is essential to 
note that the structures exhibited a very weak D band in 
their Raman spectra. This observation provides evidence 
for the high quality of FLG hybrid structures, including the 
top monolayer with recovered conductivity. It is necessary 
to remember that one property of NMP is that it is perfectly 
matched to graphene in terms of surface energy, leading to a 
“soft” functionalization of the FLG without introducing any 
additional disorder into the functionalized material.

The most interesting phenomenon observed as a result 
of the HF cleaning of structures was a strong increase in 
the mobility of both holes and electrons in FLG structures 
(6000–42,000 cm2/Vs). This result is most likely related to a 
low charge density in the NMP single layers due to the close 
matching of NMP and graphene in terms of energy [50]. As a 
result, a partial screening of the top graphene layer from the 
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charges in the SiO2 substrate was observed. This effect is sim-
ilar to the one observed in the case of hNB layers with thick-
nesses of several nanometers used as an additional substrate 
on SiO2. Thus, treatment in HF vapor offers a very promis-
ing technological approach to controlling the properties of 
NMP-FLG structures with the possibility of local modifica-
tion of the mobility and with opportunities for 3D design. As 
mentioned above, h-BN substrates provide a carrier mobility 
from 15,000 to 40,000 cm2/Vs (even up to 40,000 cm2/Vs in 
the case of special efforts [51]) at room temperature [32,33]; 
with our method, we have obtained similar values for car-
rier mobility. Graphene on CVD-grown h-BN layers does not 
demonstrate a high carrier mobility [52–54].

The main finding in this study of the structural and elec-
trical properties of the top graphene layer on a highly resis-
tive NMP-FLG substrate is high conductivity in combination 
with high carrier mobility (up to 16,000–42,000 cm2/Vs). 
Gate-voltage-induced current modulation of up to 4–5 orders 
of magnitude opens the way to the development of a mate-
rial for a graphene-based transistor. These structures are quite 
stable: the material properties in the top layer show no varia-
tions over time (at least over a period of one year). It seems 
that our highly conductive graphene layer on a highly resistive 
substrate is a very promising structure for electronic applica-
tions. Using lithography or other structuring methods, one can 
adjust the conductivity directly for particular device designs. 
This approach widens the range of possible applications of 
our structures and provides an additional tool for the control 
of the local properties of the material and for 2D nanodesign.

30.4  FUNCTIONALIZATION OF FLG FOR 
ELECTRONIC APPLICATIONS

30.4.1  superLattice hydroGenated Graphene/nmp 
monoLayer with hiGh carrier moBiLity

A very interesting and promising material was created from 
the NMP-intercalated FLG described in 30.2.1 by annealing 

it at higher temperatures (190–270°C) [48,55]. The main idea 
was to create a source of free hydrogen located between the 
graphene layers: in other words, the goal was to modify the 
organic molecules to release hydrogen. Annealing of the inter-
calated structures creates the conditions for hydrogen release 
by causing the formation of oligomers and/or the dehydroge-
nation of NMP molecules.

Annealing the NMP-intercalated FLG at temperatures 
higher than 190°C led to substantial transformations in the 
Raman spectra (see Figure 30.14). The intensity of the D line 
was increased. Moreover, a 1500-cm−1 band was revealed in 
the Raman spectra; this band is known to be a disorder-induced 
first-order scattering band similar to the D line [51]. The spec-
tra also revealed peaks at 1625 and 2980 cm−1. According to 
[50], the growth of the sharp D peak and the appearance of 
an additional peak at ~1620 cm−1, called D′, as well as the 
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emergence of a peak at approximately 2950 cm−1, which is a 
combined mode of D and D′ vibrations, are attributed to inter-
ruptions of π-electron delocalization subsequent to the forma-
tion of C–H sp3 bonds [51,56]. Moreover, the Raman spectra 
for these structures manifest a line that directly corresponds 
to the formation of C–H bonds in graphene. This is the line at 
1120 cm−1 [57]. This line clearly appeared in the Raman spec-
tra only for structures annealed at temperatures greater than 
190°C and disappeared once again for structures annealed at 
T ≥ 270°C. Therefore, it can be concluded that hydrogenated 
FLG (stoichiometrically hydrogenated graphane or partially 
hydrogenated graphone) was created only in this temperature 
range (190–270°C).

In the hybrid structures fabricated in the temperature 
range 190°C ≥ T > 270°C, a more strongly increased resistiv-
ity appeared (see Figure 30.15a). The increase in resistivity 
also correlated with the changes in the Raman spectra and 
the formation of the hydrogenated FLG. It is well known 
that hydrogenated graphene is a highly resistive material 

[51]. Using the Ids(Vg) characteristics (see the inset in Figure 
30.15a) measured using the Si substrate as the gate, Equation 
30.1 and the parameters of our structures, we have also evalu-
ated the field-effect mobility of electrons and holes. The 
obtained values are given in Figure 30.15b. With the excep-
tion of the values for the structure created at 225°C, the car-
rier mobility is very similar to the mobility observed in the 
initial non-intercalated structures, shown in Figure 30.15b as 
values for T = 0°C. It is necessary to stress here that in the 
case of the creation of hydrogenated graphene by hydrogen 
plasma (Figure 30.16), mobility strongly decreases even for 
short treatment times [58].

The surfaces of our structures were inspected with AFM, 
and the images are provided in Figure 30.17. Bright spots are 
found after annealing under these conditions (190–270°C). It 
was found by Balog et al. [59] that the formation of graphane-
like islands is energetically favorable for adsorbed hydrogen 
on graphene. The spot size and concentration are maximal 
for structures created at T ~225°C. These structures have the 
maximal resistivity and minimal carrier mobility. This means 
that the maximal extent of hydrogenation for this temperature 
was achieved.

The results of STS measurements of the probe-film tunnel-
ing current, in the form of dI/dV characteristics measured for 
structures annealed at different temperatures, are shown in 
Figure 30.18. The dI/dV characteristics clearly demonstrate 
that a bandgap was present in our structures. According to 
the data measured at different points, the bandgap values 
ΔEG in our structures varied up to 2.9 eV. The bandgap val-
ues extracted from the STS measurements versus the cov-
erage of the surface with hydrogen are shown in Figure 
30.19 and compared with the simulation of Eg for two types 
of hydrogenated structures from [59,60]. Our experimental 
results are more similar to the results for graphone. An esti-
mation of the number of hydrogen atoms released from the 
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NMP during annealing due to the formation of oligomers or 
the dehydrogenation of organic molecules also supported this 
observation.

One of the main conclusions is that the studied approach 
allows us to obtain hydrogenated FLG with tunable electronic 

properties and high carrier mobility. This material has possi-
bilities for use in electronic applications. The main disadvan-
tage of this material is that the C–H bonds are not as stable 
as required for practical applications. After 1.5–2 years, the 
properties of the initial FLG reassert themselves.
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30.4.2  few-Layer fLuoroGraphene: a 
simpLe approach to creation and 
potentiaL for appLications

Fluorographene is a more stable material than hydrogenated 
graphene. The study [61,62] revealed the conditions for an 
efficient modification of graphene and FLG films with aque-
ous solutions of HF, and a method for the local protection of 
graphene against such modification with isopropyl alcohol 
(IPA) was identified. It was found that a few-minute treat-
ment of graphene or FLG in aqueous HF solutions (~1 min 
for graphene and ~5 min for FLG films approximately 5 nm 
in thickness) led to strong changes in the structural and elec-
trical properties of graphene involving a step-like increase in 
resistivity (up to 1011 Ω/◽). Evidence for the fluorination of the 
FLG under HF treatment was observed. Two types of materi-
als were obtained after different treatment durations due to 
the differing extent of FLG functionalization: (1) a promising 
material for electronic applications due to a combination of 
high carrier mobility, high conductivity, and strong current 
modulation by a gate voltage (up to four orders of magnitude) 
and (2) a material with insulating properties and graphene 
quantum dots embedded in an insulating matrix. A prelimi-
nary treatment in IPA completely suppressed the effect of 
HF functionalization. A combination of the two treatments 
may provide a key to the nanodesign of graphene-based 
2D devices.

Further details on the effect of HF treatment on graphene 
or FLG films follow.

Raman spectroscopy shows (see Figure 30.20) changes in 
the Raman spectra of several samples treated in an aqueous 
HF solution for different durations (the FLG samples were 
subjected to treatments in 5% aqueous solutions of HF). The 
spectra of the pristine samples and the spectrum of a sample 
treated in HF:H2O for 3 min were nearly identical. The dynam-
ics of the Raman-spectrum changes for longer durations of 

treatment include an initial increase in the D-peak intensity 
and a subsequent decrease of the intensity of all other peaks. 
The position of the excitation laser spot on the samples was 
checked using an optical camera. One of the images taken 
with the optical camera is shown in the inset to Figure 30.20. 
The changes in the Raman spectra are similar to the dynamics 
of the Raman-spectrum changes observed for fluorographene 
[62,63]. We therefore conclude that the HF treatments of the 
samples created by electrostatic exfoliation from HOPG for 
durations longer than 5 min led to the formation of fluorog-
raphene or few-layer fluorographene films. Variation of the 
HF:H2O solution demonstrates that HF functionalization 
occurs only in a very narrow range of solution concentrations 
(2%–7%). Variation of the FLG thickness also leads to a vari-
ation in the time of fluorination (see details below). It is neces-
sary to mention here that the utilization of samples created by 
CVD growth on Cu substrates and transference onto SiO2/Si 
substrates requires a longer duration of treatment because of 
the necessity to first remove the residual organic contamina-
tion from the surface.

Dramatic changes in the Raman spectra show that the HF 
functionalization of graphene occurs in all monolayers of the 
FLG. The intercalation of HF into the FLG interlayer space 
during a few-minute treatment is impossible. Therefore, mod-
ification of the graphene surface morphology is assumed to 
be due to the functionalization of graphene with HF. AFM 
images of the surface of a pristine FLG sample and images 
after different durations of treatment in an aqueous solution 
of HF are shown in Figure 30.21. The HF treatment leads to 
the formation of an irregular surface morphology in samples 
treated for a relatively short time (the first stage of graphene 
functionalization with HF); later, this morphology transforms 
into a regular swell-like periodic morphology (corrugation) of 
the surface (the second functionalization stage). An increase 
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in the duration of HF treatment at the second stage induces no 
further changes in the size and height of the corrugation. An 
increase in FLG thickness of more than 15–20 nm suppresses 
changes in the surface morphology of FLG films.

These surface transformations are expected to manifest 
themselves in the electrical properties of partially and com-
pletely fluorinated FLG. The formation of an insulator net-
work, a strong abrupt increase in the conductivity of graphene 
structures as a result of the completion of this network, the 
presence of conductive islands in the insulating matrix, and 
the subsequent vanishing of these islands from the graphene 
films are the main steps in the transformation of electrical 
properties of the examined graphene and FLG films revealed 
in the present study during the prolonged functionalization of 
graphene with HF.

The times of the resistivity steps for samples with differ-
ent FLG-flake thicknesses show a good correlation with the 
decrease of the peak intensities in the Raman spectra and with 
the appearance of a regular swell-like periodic morphology 
on the surface of the HF-treated samples observed by AFM. 
An increase of the flake thickness in excess of 15–20 nm 
completely suppresses all manifestations of the HF-induced 

functionalization of graphene films; in these cases, no nano-
swell morphology on the sample surface and no resistivity 
step were observed.

The properties of the HF-treated structures were found 
to be quite stable. This was proved by repeated measure-
ments over a period of 1.5 year of the electrical and struc-
tural properties of our graphene samples subjected to the 
HF-functionalization procedure.

The current–voltage characteristics of our samples 
measured in a two-terminal configuration are shown in 
Figure 30.22a. The resistivities of FLG samples with differ-
ent thicknesses are plotted in Figure 30.22b,c as a function of 
the HF-treatment duration. As seen from the plot, in the first 
stage of HF treatment, only weak changes in Ids–Vds charac-
teristics and the FLG resistivity are observed. After longer 
durations of HF treatment, a step-like increase in the FLG 
resistivity was revealed (a transition to an insulating state). 
The abrupt increase in the resistivity of samples was observed 
at longer treatment durations as the thickness increased: 
~1 min for graphene, 2 min for bigraphene, and ~5 min for 
FLG films of approximately 5 nm in thickness. These times 
correspond to the HF functionalization of all monolayers in 
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the examined structures. An increase in flake thickness in 
excess of 15–20 nm leads to the vanishing of the resistivity 
step, at least for HF treatments of more than 40 min. In the 
case of CVD-grown graphene transferred onto a SiO2/Si sub-
strate, the time of the resistivity step is increased from 1 to 
6 min due to the residual contamination left behind after the 
transferring procedure.

The thermal stability and the reversible behavior of our 
functionalized samples were tested by subjecting them to 
additional annealing. It is known that hydrogen desorp-
tion from graphene occurs at temperatures of ~200–300°C 
[55]. On the other hand, C–F bonds are stable up to ~400°C 
[63,64]. We have performed an annealing of one of our FG 

samples at a temperature of 300°C for 1 h. After the anneal-
ing, this structure exhibited the same high resistivity as found 
previously. Isochronal (30 min) annealing in ambient Ar was 
found to lead to a recovery of conductivity at 450°C (see 
Figure 30.22d). The annealing activation energy extracted 
from the curve of isochronal annealing in Figure 30.22d is 
equal to 2 eV. These observations correlate well with known 
parameters for the annealing of fluorographene [63,64] and 
provide an additional argument that HF treatment causes fluo-
rination, not graphene hydrogenation or oxidation. More evi-
dence of fluorination, including the direct observation of the 
C–F bonds obtained by x-ray photoelectron spectroscopy, is 
given in References 61 and 62.
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Let us consider now in more detail the results of the elec-
trical measurements that were obtained for the HF-treated 
samples for treatment durations that are slightly shorter than 
those necessary for the resistivity step (e.g., ~5 min in Figure 
30.22b). The Ids(Vg) characteristics measured in the transistor 
configuration at two different temperatures (80 and 300 K) 
using the substrate as the gate electrode for an FLG flake 
treated in a 5% solution of HF in water for a duration of 4 min 
surprisingly show that the drain–source current Ids varied over 
4–5 orders of magnitude with the variation of the gate voltage 
Vg. Before the HF functionalization, the current modulation 
by the gate voltage was very weak in this structure (only a few 
percent). Thus, our films demonstrated a high potential for 
the management of their conductivity. The field-effect mobil-
ity estimated from Equation 30.1 accounting for a decrease 
in the thickness of SiO2 during HF treatment has  values 
of 2700 cm2/Vs at room temperature and 1600 cm2/Vs at 
T = 80 K for holes and lower values for electrons. In pristine, 
untreated samples, the carrier mobility had similar values 
(~3100 cm2/Vs at room temperature).

The observed transformations of the network surface mor-
phology into a nanoswell relief during longer HF treatments 
allow us to hypothesize the presence of conductive graphene 
islands (quantum dots) in the functionalized insulating gra-
phene matrix after the step-like increase of the structure’s 
resistivity. This assertion is based on the following experi-
mental results. It was found that immediately following the 
step-like increase in resistivity (treatment duration ~5 min 
in Figure 30.22b), the conductivity of the samples could be 
increased by applying higher voltages (~7 V) to the samples. 
The inset in Figure 30.22b shows the increase in the elec-
tric current through an HF-treated (5 min) sample that was 
induced by a high applied voltage, and it also shows the hys-
teresis demonstrated by this current during the reverse voltage 
sweep. Moreover, the application of pulsed voltages (charge 
deep-level transient spectroscopy) clearly demonstrates the 
capture of charge carriers by and their emission from the con-
ductive islands and quantum dots [65]. It was found [65] that it 
is possible to govern the carrier emission time from graphene 
quantum dots: an increase in quantum-dot thickness leads to 
a strong decrease in the carrier emission time, from millisec-
onds for graphene to microseconds for FLG with a thickness 
of 3 nm. This unique possibility is very promising for flash 
memory applications.

An increase in the HF-treatment duration leads to a com-
plete vanishing of conductivity in our samples up to voltages 
of ±20 V. This effect is due to the increase in thickness of 
the HF-functionalized part of our structures and the decrease 
in the size of conductive graphene islands. The possibility of 
graphene-quantum-dot formation in a fluorinated graphene 
matrix was demonstrated in a theoretical study by Ribas et al. 
[66]. The formation of graphene quantum dots was also pre-
dicted for a corrugated graphene surface because of the huge 
changes in the strain at the nanometer scale [67]. The size 
of the graphene quantum dots estimated from the nanoswell 
relief observed in our samples (period ~150–200 nm) was 
found to be ≤80–100 nm.

To control the functionalization of graphene with HF, we 
have identified a new treatment capable of preventing the HF 
modification of graphene samples: treatment of the graphene 
samples in IPA prior to their HF functionalization. The resis-
tivity data for a sample initially treated for 20 min in IPA and 
then subjected to HF treatment are shown in Figure 30.22b. 
Here, no increase in the resistivity value of the sample was 
observed. Moreover, the initial 20-min treatment in IPA was 
found to suppress the changes in AFM images and the Raman 
spectra during the subsequent treatment of IPA-treated sam-
ples in aqueous HF solutions.

Local treatment in IPA, in combination with the HF func-
tionalization of graphene or FLG, can provide an approach to 
the nanostructuring of FLG and the design of graphene-based 
devices.

Thus, the chemical functionalization of FLG with organic 
molecules (NMP in our case) or nonorganic atoms (F) leads 
to the appearance of a bandgap and the modification of the 
electrical properties of the material. The network morphology 
functionalization is typical for polycrystalline FLG. Partial 
functionalization very often allows the creation of a material 
that exhibits a combination of high conductivity, high car-
rier mobility, and the possibility to achieve a strong modula-
tion (up to 4 orders of magnitude) of the current by the gate 
voltage, which is very promising for electronic applications. 
It was found that the functionalization of graphene or FLG 
can be controlled by a preliminary treatment, providing a key 
to the nanodesign of graphene-based devices. Moreover, the 
functionalization of FLG allows the creation of materials with 
different monolayer properties in a common structure, which 
is very promising for a wide spectrum of applications.

30.5  FLG FOR MEMORY AND 
ELECTRODE APPLICATIONS

Flash memory, in general, is composed of a p-type silicon 
channel substrate, a tunnel oxide, a semiconducting highly 
doped n-type polysilicon or an insulating silicon nitride data 
storage layer, a control oxide, and a gate electrode. Writing is 
achieved by applying a voltage pulse on the gate electrode, 
which allows electrons to tunnel through the tunnel oxide 
from the silicon channel to the storage layer. The primary 
goal of most research into flash memory is to increase the 
density of the storage elements such that their parent devices 
can be miniaturized, which requires confronting several chal-
lenges that would normally jeopardize device performance at 
such a reduced scale. Graphene has the potential to exceed the 
performance of current flash memory technology by utilizing 
the exceptional intrinsic properties of graphene, such as its 
high density of states, high work function, and low dimen-
sionality in comparison to conventional materials. Recently, 
it was shown that the incorporation of graphene oxide flakes 
as a float gate acts as an effective charge-storing layer in 
memory devices [68]. In Reference 69, the benefits of metallic 
graphene and FLG in a flash memory structure were consid-
ered along with a demonstration of such parameters as the 
memory window, retention time, and cell-to-cell crosstalk at 



493Benefits of Few-Layer Graphene Structures for Various Applications

low operating voltages. Large-area graphene sheets grown by 
chemical vapor deposition were integrated into a floating gate 
structure in the last case.

As reported in Reference 69, to investigate the electrical 
characteristics of graphene flash memory, a number of devices 
were fabricated with the following process: a p-Si wafer was 
cleaned, and a 5-nm SiO2 tunnel oxide was grown, then gra-
phene sheets or FLG with a thickness of 5 nm were trans-
ferred onto the tunnel oxide surface, a 35-nm control oxide 
was formed, and gate electrodes of Ti/Al/Au were deposited 
and an isolated memory device was created by plasma etch-
ing. An important parameter for flash memory is the memory 
window, which refers to the shift in the threshold voltage of 
the memory device when switching between the binary states 
of 0 and 1. Industry standards suggest that a minimum width 
of 1.5 V is necessary to produce a reasonable on/off ratio for 
reliable memory functionality. For standard float gate devices 
using polysilicon, this requires a program/erase voltage of 
approximately ±20 V [70]. This large voltage requirement is 
because of the low density of states in the degenerately doped 
polysilicon. Figure 30.23 demonstrates the capacitance–
voltage characteristics of graphene and few-layer-graphene 
(thickness of 5 nm) devices and of a control sample without 
graphene. While the single-layer graphene devices exhibit a 
window width of ~2 V using a program/erase voltage of ±7 V, 
the FLG devices show a window width of ~6 V for the same 
program/erase voltage. The greater memory window of the 
FLG devices is directly attributable to the larger thickness of 
FLG compared with that of single-layer graphene [69]. FLG 
memory elements also show a long retention time of more 
than 10 years at room temperature. Additionally, simulations 
suggest that FLG memory elements suffer very little from 
cell-to-cell interference, potentially enabling scaling down far 
beyond current state-of-the-art flash memory devices.

The high conductivity of graphene in combination with its 
high transparency has attracted attention for its potential use 
in transparent, flexible electrodes in solar cells, light-emit-
ting devices, and electronic touchscreens. Currently, indium 
tin oxide (ITO) with a sheet resistivity of 30–80 Ω/◽ [71] is 
widely used for these applications. The relatively high cost 
of this material has stimulated a search for other transparent 
conducting films for use in electrodes. The sheet resistivity 
of undoped graphene is ~300 Ω/◽. The utilization of FLG 
(usually four-layer graphene, as for practical usage in trans-
parent electrodes, a transmittance of ~80%–90% is required) 
and FLG doping allows this resistivity to be decreased to 
30–150 Ω/◽ [72,73]. The best variants at the current time are 
hybrid films fabricated by using a metallic grid and graphene 
on a transparent substrate such as glass or polyethylene tere-
phthalate films. The sheet resistance of such fabricated trans-
parent electrodes is as low as 3 Ω/◽ with a transmittance of 
~80% or ~20 Ω/◽ with a transmittance of 90% [71].

FLG electrodes with nanometer-sized gaps (1–2 nm) are 
now used for gateable molecular junctions [74,75]. Burzuri 
et al. [64] found that thicker flakes are more suitable for the 
fabrication of electrodes. Gateable transport through molecu-
lar contact between the electrodes demonstrates the potential 

for room temperature operation of molecular devices. By 
demonstrating temperature-independent nanogaps in elec-
trodes combined with the long-term stability (weeks) of the 
FLG electrodes, these studies showed that few-layer-graphene 
nanogaps are an interesting alternative to metal electrodes for 
molecular electronics operating at room temperature and in 
ambient conditions. The authors concluded that the optimum 
flakes for the fabrication of nanometer-spaced graphene elec-
trodes are those with initial resistances lower than 1 kΩ.

Practical applications are also considered the FLG-based 
electrode materials for biosensors [76], electrochemical sen-
sors, absorbers for both gases and liquids, and electrode mate-
rials for devices involved in electrochemical energy storage 
and conversion. Several advantages of both graphene and 
graphene oxide sponges such as three-dimensional graphene 
networks, high surface area, high electro/thermo conductivi-
ties, high chemical/electrochemical stability, high flexibility 
and elasticity, and extremely high surface hydrophobicity are 
demonstrated in review [28].
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Multilayered graphene membranes with different packing 
densities (electrodes formed from graphene sheets prepared 
by vacuum filtration of CCG dispersion with an average inter-
sheet spacing between 1 and 10 nm) were used as electrodes 
for supercapacitors to probe nanoconfined electrosorption 
in porous carbon materials [77]. The authors highlighted 
the great potential of using easily available and structurally 
tunable graphene membranes as a model system for energy 
storage, membrane separation, and for nanofluidics. Use in 
electrochemical capacitors (or supercapacitors) is most likely 
one of the applications that may directly involve multilayered 
graphene membranes.

30.6 SUMMARY

Utilization of FLG instead of graphene widens the spectrum 
of possible approaches for functionalization and application. 
In the case of FLG materials, the various monolayers in a 
common structure can have different properties, which is a 
promising framework for a wide spectrum of applications. We 
have found an interesting combination of materials (FLG and 
NMP) for high carrier mobility in graphene or functionalized 
graphene. The intercalation of NMP into FLG in combina-
tion with annealing has the possibility to provide advanced 
films for electronic applications (highly resistive substrates 
for graphene, superlattice hydrogenated graphene/NMP). 
Fluorinated FLG with various extents of fluorination also 
demonstrates interesting properties for applications including 
memory applications. FLG (flexible and/or transparent) elec-
trodes are already used in various structures at present.

In addition to the advanced FLG-based structures men-
tioned above, there are a number of other interesting prospective 
structures. Among them are 3D corrugated heterostructures 
for a wide spectrum of applications, novel materials exploit-
ing effects such as the moire effect to provide new properties, 
hybrid heterostructures with tunable properties, p–n junction 
superlattices, vertical field-effect transistors with tunable prop-
erties, heterostructures with the individual properties of cer-
tain FLG layers, and QDs with tunable emission time.
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31 Designing Carbon-Based Thin Films 
from Graphene-Like Nanostructures

Cecilia Goyenola and Gueorgui K. Gueorguiev

ABSTRACT

This work intends to provide an overview of our experience 
in predicting and guiding the synthesis of carbon-based thin 
films with graphene-like and fullerene-like (FL) features, and 
how this is made possible by studying the effects of dopant 
elements in graphene-like nanostructures.

In the same way as graphite can be modeled and under-
stood as a stack of graphene layers, some nanostructured car-
bon-based thin films, such as FL thin films, can be modeled 
as assemblies of doped graphene-like low-dimensional units.

When atoms of an element different from carbon, such as 
fluorine or sulfur, substitute carbon atoms in a graphene-like 
network, important bonding and structural changes occur. 
Defects, such as pentagons or heptagons, become energetically 
feasible, inducing curvatures in an otherwise planar network, 
intersheet cross-linkages, disruptions, chains, and so on.

With the aim of predicting the structural patterns and their 
impact on the properties of such compounds, computational 
methods can provide invaluable insight, allowing models of 
graphene-like nanostructures and derived thin films to be 
studied. In this context, we have developed an original theo-
retical approach, the synthetic growth concept based on the 
density functional theory. It has been a powerful simulation 
tool, which helped to define a whole new class of nanostruc-
tured compounds: carbon-based thin films with FL and gra-
phene-like structural features.

31.1 INTRODUCTION

Thin films can be defined as layers of materials with thick-
nesses that can range from a few nanometers to several 

micrometers and nowadays they have a crucial technologi-
cal role in many industries. Thin films are formed over sur-
faces by depositing layers of atoms and/or molecules with the 
objective of improving the properties of the underlying mate-
rial or giving them new functionality [1]. A large variety of 
thin films have been discovered and widely applied. To cite 
some examples, titanium nitride and titanium nitride-based 
thin films have been widely used as protective hard coatings 
for cutting tools [2,3], uniform semiconductor thin films (e.g., 
SnSe2, SnS2) are used as active components in thin-film tran-
sistors [4], and thin films such as amorphous silicon have been 
employed as the light-absorbing material in solar cells [5].

The focus of this chapter is set to the structural features, prop-
erties, and design of carbon-based thin films and, in particular, 
of FL carbon-based thin films. Table 31.1 summarizes previous 
studies on carbon-based thin films as related to graphene-like 
nanostructures. Details and aspects of these studies and corre-
sponding references will be further discussed in this chapter.

Carbon-based thin films are a large family of materials 
that exhibit a wide variety of structural features and prop-
erties, ranging from those of graphite to those of diamond. 
They have a vast range of applications, from lubrication to 
ultradense hard coatings (e.g., protective coatings for cut-
ting tools), electronic device applications (e.g., insulators in 
metal–insulator semiconductors), and medical applications 
(e.g., coatings for implants), among others [6,7].

The microstructure of many of the carbon-based thin films 
is mostly characterized by short-range atomic order (~10 Å) 
[8] and implies coexistence of carbon atoms with differ-
ent hybridization [6,9]. In order to control their microstruc-
ture, carbon-based thin films are frequently deposited by 
vapor-phased deposition techniques such as chemical vapor 
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deposition or physical vapor deposition with a critical control 
of the growth environment [1,9].

The properties of carbon-based thin films can also be tai-
lored by the addition of hydrogen [8–11] or small amounts of 
different p-elements such as nitrogen [9,12–15], phosphorus 
[16–20], silicon [21,22], sulfur [23–27], and fluorine [28–32], 
expanding the range of possible properties and applications. 
In addition, amorphous carbon and transition metal nano-
composites, such as titanium carbide (TiC) have also gained 
importance due to their high hardness, low friction coeffi-
cient, and high wear resistance [33,34].

Before focusing on the design of carbon-based thin films, 
it is worth to remember the bonding features of carbon 
atoms. Carbon can form a large variety of structures, from 
crystalline to amorphous, due to its ability to exist in differ-
ent hybridization states. Figure 31.1 illustrates the sp3-, sp2-, 
and sp-hybridization configurations of carbon [35]. A carbon 
atom with sp3 hybridization has its four valence electrons 
distributed in four hybridized orbitals arranged tetrahedrally 
(Figure 31.1a). Each of these orbitals can form strong direc-
tional σ bonds. This type of bonding is the reason for dia-
mond being the material with largest known bulk modulus, 
since it comprises a tetrahedral network of sp3-hybridized 

carbon atoms [36]. The sp2 configuration has three of the 
four valence electrons distributed in three hybridized orbit-
als that are trigonally arranged forming a plane. The fourth 
electron is located in a p orbital perpendicular to this plane 
(Figure 31.1b). While the three hybridized orbitals can form 
strong σ bonds, the p orbitals can participate in weaker π 
bonds with other p orbitals of neighboring atoms. Graphite 
is entirely composed of sp2-hybridized carbon atoms form-
ing layers. Within each layer, the atoms form strong σ bonds 
giving a high in-plane strength, while the bonding between 
layers is given by weak van der Waals interactions, allow-
ing them to slide over each other if stress is applied [37]. 
Finally, in the sp configuration, two of the valence electrons 
are located in two hybridized orbitals that can form σ bonds 
along an axis (x axis), and the other two electrons lay in two 
p orbitals in the y and z directions that can form π bonds 
(Figure 31.1c).

Carbon-based thin films are mainly composed of sp3- and 
sp2- hybridized carbon atoms, while sp hybridized atoms are 
not expected to play any significant role [8]. Thus, the relative 
content of sp3- to sp2- hybridized carbon atoms provides the 
diversity in terms of structure and properties of these films, 
and different categories of carbon-based thin films can be 
identified.

Amorphous carbon (a-C) thin films are a type of carbon-
based thin films with higher content of sp3 bonds than sp2. 
Within the a-C group, diamond-like carbon (DLC) and tetra-
hedral amorphous carbon (ta-C) are the most widely studied 
and also those with most applications. The classification of 
different a-C films derives not only from the relative content 
of sp3 and sp2, but also from their hydrogen content. For exam-
ple, ta-C have the highest sp3 content, which can be as high as 
90 at.%, and the lowest hydrogen content. For comprehensive 
reviews discussing the a-C thin films see References 6, 8, and 9.

The carbon-based thin films category most relevant to this 
chapter is the FL carbon-based thin films. In contrast to a-C 
films, FL carbon-based thin films possess higher content of 
sp2 bonding than sp3. These films can be described as an array 
of parallel curved graphene fragments that are packed in dif-
ferent orientations [38,39]. Figure 31.2 is a cross-sectional 
high-resolution transmission electron microscopy (HR-TEM) 
image of a carbon nitride (CN0.12) thin film with FL charac-
teristics. It can be seen that the parallel bent graphene basal 
planes also intersect and cross-link within the film [40].

It has been determined that most of the carbon in the FL 
carbon-based thin films is incorporated into quasi-planar sp2-
hybridized graphene-like sheets. As in graphene, the direc-
tional σ sp2 bonds provide an exceptional in-plane strength 
[41]. However, the fact that the graphene fragments are curved 
and occasionally cross-linked, extends the extraordinary 
strength of the planar sp2 network in three dimensions. The 
reason for bending of the graphene planes is attributed to the 
incorporation of odd-membered ring defects, such as penta-
gons, in an hexagonal network [38]. At the same time, some 
of the incorporated carbon atoms possess sp3 hybridization, 
promoting cross-linking between the graphene-like planes. 
In fact, the cross-linkages prevent the graphene-like sheets 

y
z

σ

x

spsp2sp3

(a) (b) (c)

π

FIGURE 31.1 The sp3-, sp2-, and sp-hybridization configurations 
found in carbon.

TABLE 31.1
Summary of Previous Studies on Carbon-Based Thin 
Films and Their Relation to Graphene-Like Structures

Carbon-Based Thin Films

Dopant Type of Film References

Pure C films a-C (DLC, ta-C) [6–10]

FL [39,42]

Doped C films H a-C [8–11]

N a-C [9,12,14,15]

FL [13,38,40,41,43–46,67]

P a-C [16,19]

FL [17,18,20,43,46]

Si a-C [21,22]

S a-C [23,24,26]

FL [25,27]

F a-C [28–30,32]

FL [31,88]
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from gliding with respect to each other. The incorporation of 
defects and cross-linkage sites is promoted by the presence 
of a dopant element, illustrated in Figure 31.2, where nitro-
gen is used as a dopant to obtain a FL carbon-based thin film 
[13,38,40,41].

FL carbon-based thin films have not only been synthe-
sized as carbon nitride (CNx), but also as pure carbon [39,42] 
and phospho carbide (CPx) [18] thin films. Depending on the 
bonding properties of the dopant, its concentration, and the 
growth technique, these materials exhibit diversity in physical 
properties: high hardness, resilience and high wear resistance 
[13,43], and electrical properties of interest such as increased 
conductivity [43]. Since FL carbon-based thin films are 
mainly composed of carbon, but also have small to average 
amounts (0–40 at.%) of a dopant element A, one can generally 
refer to them as FL-CAx.

In order to obtain a better understanding of the relation-
ship between the microstructure of a C-based thin film and its 
properties, as well as to help in the interpretation of experi-
mental observations and be able to predict new FL-CAx com-
pounds, computer simulations of their structure arise as an 
essential tool. However, the application of standard method-
ology such as density functional theory (DFT) or molecular 
dynamics to noncrystalline materials or materials that lack 
long-range order remains a challenge. Among the usual prob-
lems is the difficulty to design appropriate models for a mate-
rial system that describes it realistically and, at the same time, 
is not prohibitive from the point of view of consumption of 
computational resources.

One way to approach FL-CAx thin films through com-
puter simulations is to describe them as assemblies of doped 
graphene-like low-dimensional units. By exploiting this par-
ticular characteristic of FL carbon-based thin films, we have 
introduced and developed the synthetic growth concept (SGC) 
[44–46]. The SGC has since been established as an original 
approach based on DFT for modeling thin solid films forma-
tion during vapor phase deposition.

This chapter is organized in the following way: first the 
SGC is discussed in detail as a computational approach to 
the design of carbon-based thin films followed by examples 
of its application. The chapter finishes with a short review of 
the FL-CAx thin films as a class of materials. Even though the 
chapter is focused on the SGC and its applications to carbon-
based thin films, it is of great importance to also discuss the 
results on the extensive experience in carbon-based thin films 
synthesis and characterization achieved by our colleagues 
belonging to the research team at the Thin Film Physics 
Division at Linköping University. This experimental success 
is a validation for the SGC.

31.2 SYNTHETIC GROWTH CONCEPT

FL-CAx thin films can be described as assemblies of gra-
phene-like pieces that are arranged parallel but also cross-
link and intersect. In this context, graphene-like pieces are 
understood as C-based two-dimensional networks based on 
hexagonal rings, that is, the honeycomb structure. These net-
works may include ring defects, such as pentagons or hep-
tagons, directly due to incorporation of atoms of the dopant 
elements. Such a graphene-like nanostructure is typically 
obtained by vapor phase deposition techniques in which pre-
cursor species (atoms, molecules, and radicals) are deposited 
onto a substrate to form the desired film.

The SGC [44–46] postulates that in order to unravel the 
relationship between structure, properties, and synthesis, it is 
important to comprehend the defect formation in graphene-
like model systems and their interaction with the precursor 
species used for carbon-based thin films deposition. The DFT 
methodology is adequate for both these tasks.

DFT is an accurate and efficient electronic structure 
method widely used in material science, physics, and chemis-
try. It provides a reliable description of stable geometries for 
condensed phases of a variety of compounds together with 
their properties. Thus, DFT is frequently a method of choice 
for studying defect formation and to account for the role of 
precursor species during film synthesis.

Now we focus on the SGC simulation of FL-CAx films. 
The first step is to design appropriate graphene-like model 
systems, which realistically describe the FL-CAx films. In 
Figure 31.3, such graphene-like model systems are displayed. 
They may be chosen in different sizes and containing defects 
such as pentagons, heptagons, or combinations of them. The 
goal is to understand how the existence and the location of 
these defects influences the structure and the stability of pure 
carbon and dopant-containing graphene-like model systems. 
For example, the incorporation of a pentagon defect in an 
inherently hexagonal network induces local curvature, an 
effect inherent to FL-CAx. At the same time, the effect of the 
dopant element A and its concentration can be simulated by 
the substitution of some of the C atoms in the model systems 
by the adequate quantity of A atoms.

The main SGC stage is to reliably simulate the forma-
tion of the film structure during deposition. In simple terms, 
the vapor phase deposition of CAx films occur in a chamber 

FIGURE 31.2 Cross-sectional HR-TEM micrograph from the 
interface region of a CN0.12 film deposited on Si. Superimposed is 
the model proposed for the film formation [13]. (Reprinted with 
permission from L. Hultman et al. MRS Bulletin, 28(03):194–202, 
2003.)
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where C and A sources are introduced. Depending on the spe-
cific process, the sources can be solid, liquid, or in gas phase. 
During the deposition, CmAn precursor species are formed. 
These precursor species are consecutively deposited onto a 
substrate, becoming the “building blocks” of the film. Figure 
31.4 illustrates such process. Predicting which precursor spe-
cies, CmAn, are relevant to the deposition process, together 
with their structures and stability, followed by the study of 
the interaction between them and with the growing film is of 

paramount importance if the structural evolution of the film 
is to be understood.

In particular, our colleagues at the Thin Films Physics 
Division at Linköping University have extensively used mag-
netron sputtering as the deposition method of choice for the 
FL-CAx thin films. Magnetron sputtering provides small CmAn 
(m ≤ 4 and n ≤ 4) precursor species and also single atoms (C, 
A) that can be directly accounted for in the SGC simulations. 
The availability of small precursor species during deposition 

(a) (b) (c)

(d) (e) (f) (g)

C

H

FIGURE 31.3 Graphene-like model systems adopted for the study of the influence of nonhexagonal ring defect incorporation in a gra-
phene-like network, as well as the effect of dopant: (a,b) pure hexagonal model systems (C42H16 and C24H12, respectively); (c,d) model sys-
tems containing a single pentagon defect (C42H16 and C20H10, respectively); (e) model system containing a double pentagon defect (C14H8); 
(f) model system containing a Stone–Wales defect (combination of two pentagons and two heptagons, C42H16); (g) model system containing 
a tetragon defect (C16H8).

C and A
sources

CAx growing film
by precursor species 

deposition

CmAn precursor species 
formed in the gas phase

FIGURE 31.4 Sketch of vapor phase deposition of a CAx film. Atoms are represented by filled circles, and different colors refer to different 
types of atoms C and A.



501Designing Carbon-Based Thin Films from Graphene-Like Nanostructures

is especially important to avoid dopant atom A segregation. In 
addition, the deposition process, when magnetron sputtering 
is adopted, can occur at a relatively low substrate temperature, 
reducing the probability for contamination and segregation of 
the dopant atoms [43]. It is noteworthy that defect and dopant 
incorporation in graphene-like sheets occurs at an energy cost 
and this energy is provided by the deposition method.

Within the SGC, usually a diversity of precursor species 
CmAn are simulated: different compositions (m ≤ 4 and n ≤ 4) 
and different chemically viable isomers for each composition 
have to be studied. Since the number of such precursor spe-
cies can become large it is useful, when selecting the viable 
precursors for a given compound, to account for: (i) known 
molecules and radicals considered in the organic chemistry 
books [35,47,48] and (ii) experimental data about precursor 
species availability in a given deposition process. By such an 
approach, the number of possible precursor candidates can be 
significantly reduced.

Once the selection of precursor species CmAn has been 
defined, the simulation of growth evolution can begin. By 
sequentially adding precursor species to previously relaxed 
model systems, the interaction between precursors and the 
growing film can be elucidated.

The starting point of such a simulation is a relaxed struc-
ture of one of the graphene-like nanotemplates optimized pre-
viously (Figure 31.3) with some of the C atoms substituted by 
atoms of the dopant element, A. A precursor species, CmAn, is 
chosen randomly from the previously established selection and 
it is placed in the vicinity of the nanotemplate. The ensemble is 
submitted to relaxation in order to obtain a new energetically 
and structurally stable system. This procedure is continuously 
repeated, resulting in an iterative simulation process where a 
sequence of precursor species is attached to the growing model 
system. The iterative process is illustrated in Figure 31.5. It is 
of paramount importance for the SGC that different starting 
points and a variety of sequences of precursor species are con-
sidered, in order to reduce the dependence of the results on the 
starting geometries and structural fluctuations.

To summarize, the SGC is understood as a structural evo-
lution by sequential steps of atomic rearrangement where 
each step is assigned according to the previous relaxed states. 
The precursor and/or building blocks for nanostructured com-
pounds are described quantitatively together with their pack-
ing rules when they form condensed phases. By SGC we also 
address the interplay between bonding at surfaces/interfaces 
and the properties of the compounds.

It is important to state that the applicability of the SGC is 
not limited to FL-CAx thin films. The concept is transferable 
and can be extended to the study of a large variety of inher-
ently nanostructured materials. The SGC was successfully 
applied to explore the family of silicon transition metal cage-
like molecules (MSi12 [49,50]) as building blocks for cluster-
assembled materials, such as solids [51] and nanowires [52]. 
Recently, the fluorination of the corannulene molecule was 
approached by means of the SGC. This is a molecular system 
that provides structural, energetic, and electronic information 
on curved two-dimensional C-based compounds and shows 
how properties can be tuned by controlling the degree of fluo-
rination [53]. Nitrogen-doping of carbon chains connecting 
graphene-like terminations were also studied along the line of 
the SGC; this work featuring emphasis on electronic proper-
ties [54]. Aspects of the SGC have also been instrumental in 
addressing the properties of low-dimensional III-nitrides [55] 
as well as in understanding features of the gas phase chemis-
try during growth of III-nitrides [56–58].

31.3 MODELING CARBON-BASED THIN FILMS

31.3.1  carBon nitride, cnx: the first 
compound in the fL cLass

When the super-hard crystalline phase of β-C3N4 was pre-
dicted by Liu and Cohen using computational methods 
[59,60], many research teams embarked on a quest of synthe-
sizing it. A large number of different vapor phase deposition 
methods and techniques have been employed in this pursuit 

Set of precursor
species

Final relaxed
structure

Initial model system

Relaxation process

FIGURE 31.5 Iterative process for growth evolution simulation of FL-CAx thin films. In each cycle, a precursor species randomly selected 
from the previously established set is attached to the initial model system and submitted to relaxation. The final relaxed structure becomes 
the initial model system for the next cycle.
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[12,61], but up to date, there have been no convincing reports 
indicating the success in its synthesis. In general, the films 
obtained show amorphous or short-range order CNx structures 
with a N deficiency with respect to β-C3N4.

Trying to synthesize β-C3N4, Sjöström et al. at Linköping 
University used reactive magnetron sputtering [38]. Even 
though they could not achieve this compound, these experi-
ments were, in a sense, successful since they led to the discov-
ery of FL-CNx thin films (0 < x < 0.3). These FL-CNx films 
proved to have valuable mechanical properties, exhibiting an 
unusual combination of high hardness and high elastic recov-
ery [38,62]. Their high elasticity and their low tendency to 
plastic deformation point toward a resilient nature that can be 
described as “superhard rubber” [13].

The mechanical properties found for these films are directly 
related to their microstructure. Figure 31.2 illustrates the typical 
microstructure of FL-CNx films, that can be described as hav-
ing the shape of a finger print. Defects due to N-incorporation 
lead to curved graphene-like sheets in contrast to the flat sp2-
hybridized graphite planes. The curvature of the graphene-
like sheets occurs in the three dimensions, creating buckled 
“graphite” domains that intersect each other at their boundar-
ies. In extreme cases, these domains may become well-defined 
nano-onions as shown in Figure 31.6 [13,38,63–65].

X-ray photoelectron spectroscopy demonstrated the pres-
ence of N atoms bonded to C atoms in a sp3 configuration, 
raising the possibility that the graphene-like basal planes are 
interlocked with covalent bonds of a much shorter bond length 
than the van der Waals intersheet distance in graphite [38,64].

The increased elasticity attributed to FL-CNx films originates 
in the buckling and bending of their basal planes, which gives 
the possibility of the action of restoring forces upon deforma-
tion [13,62,64]. In addition, strong C–C cross-linking prevents 

the graphene-like sheets from slipping between each other and 
gives rise to a low tendency to plastic deformation [13].

During the last two decades, FL-CNx films have been largely 
studied and, in particular, at Linköping University it resulted 
in a large number of research papers ([13,38,40,44,45,62,65–
67] and many more) and doctoral theses [41,43,68]. Therefore, 
a much better understanding of the films’ microstructure, 
their mechanical properties, and the deposition processes has 
been achieved [41,63,65,69]. It is noteworthy that owing to the 
collaborative effort between diverse characterization tech-
niques [13,38,66] and computer simulations, which reached 
maturity with the SGC [44,45], a reliable structural model for 
the FL-CNx compound was elaborated. In fact, this structural 
model corroborates the first structural guess for FL-CNx, as 
proposed by Sjöström et al. [38].

Following a historical perspective, the first calculations 
performed on FL-CNx were carried out using the semi-empir-
ical Hartree–Fock-based AM1 method [70]. Two graphene-
like model systems were employed (Figure 31.7), one of them 
containing a single pentagon defect and the other one being a 
pure hexagonal network. The goal was, by comparing the sta-
bility of these model systems in the cases of pure C and when 
N was incorporated at C sites, to evaluate the energy cost for 
pentagon defects in a graphene-like network [38].

The results showed that pure carbon systems favors the 
planar graphene structure instead of the inherently curved 
defect-containing one. But, when N atoms are incorporated, 
the energy barrier to form pentagons in graphene planes is 
reduced, in particular, when a N atom participates in the pen-
tagon defect. It was also confirmed that the N atoms prefer a 
nonplanar surrounding, as is the case of the curved structure 
around a nonhexagonal ring defect [38]. These results have 
been found to be consistent with the microstructure observed 
in the films by HR-TEM [38,66] and were corroborated by 
DFT calculations for a larger number of model systems as 
those shown in Figure 31.3 [45,67].

Ring defects other than pentagons, such as heptagons and 
tetragons, also induce curvature in an hexagonal network, so 
the possibility for their role in FL-CNx films needed to be con-
sidered. Stafström et al. showed that contrary to the fact that N 
lowers the cost for pentagon formation, N increases the energy 

FIGURE 31.6 HR-TEM image of a FL CN0.12 film [40]. The upper 
left inset shows the structure and size of a predicted C48N12 [91]. The 
lower right inset is a schematic illustration of the buckling of an 
sp2 coordinated basal plane, caused by the incorporation of penta-
gons, which facilitates cross-linking through sp3-hybridized carbon 
(structure proposed by Sjöström et al. [38]). (Reprinted with permis-
sion from L. Hultman et al. Sundgren. MRS Bulletin, 28(03):194–
202, 2003.)

FIGURE 31.7 First two model systems used for calculation of 
total energies of pentagon containing systems versus pure hexagonal 
systems [38]. (Reprinted with permission from H. Sjöström. et al. 
Superhard and elastic carbon nitride thin films having fullerene like 
microstructure. Physical Review Letters, 75, 1336–1339. Copyright 
1995 by the American Physical Society.)
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cost for heptagon formation [67]. This indicates that the role 
of N in CNx systems is to lower the energy formation of penta-
gons, while heptagon defects were predicted to be less likely.

Already applying the SGC to the FL-CNx compound, 
Gueorguiev et al. considered the stability of different defects 
and combinations of defects for different N concentrations [45]. 
In the SGC, the stability of the model systems is evaluated by 
cohesive energy per atom (Ecoh/at). Ecoh/at is defined as the energy 
required to break the system into isolated atoms normalized by 
the total number of C and A atoms and is calculated as

 
E

E n E n E n E

n n
coh at

system H H C C A A

C A
/ = ,

− × − × − ×
+  

(31.1)

where Esystem is the total energy of the model system, nH, nC, 
and nA are the number of H, C, and A atoms, and EH, EC, and 
EA are the energies of the corresponding free atoms in the 
ground state, respectively. In the case of FL-CNx, A ≡ N.

In Figure 31.8, the relative stability of different defects is 
shown as a function of the N concentration [45]. These results 
indicate that even though N reduces the energy barrier for pen-
tagon formation [38,67], the pure hexagonal system is ener-
getically more favorable for N concentrations up to ~20 at.%. 
Increasing the N content beyond this value makes the pentagon-
containing networks more stable than a hexagonal sheet [45]. 
Regarding alternative defects and combinations of them, it was 
found that the double pentagon defect becomes more favorable 
than the single pentagon defect at a N concentration of 17.5 at.%, 
suggesting that the buckling of graphene layers in FL-CNx may 
result from the combination of closely packed pentagon defects 
instead of single pentagons. This is especially valid for larger N 
concentrations. These results are in agreement with the observa-
tions that the degree of curvature in CNx films depends on their 
N content as well as on the deposition conditions [13,62,64,65].

Model systems containing Stone–Wales defects (a combi-
nation of a pentagon and a heptagon) are less stable than the 
pure hexagonal and the pentagon-containing ones, but they 
still may coexist with pentagon defects. On the other hand, 
tetragon defects have shown to be quite energetically costly 
over the whole range of experimentally viable nitrogen con-
centrations and, therefore, are not likely to appear in FL-CNx 
films.

Another important aspect of the incorporation of a N atom 
in a C ring is that it increases the reactivity of the surrounding 
C atoms, promoting a change in the hybridization from sp2 to 
sp3, leading to three-dimensional cross-linkage [38,67].

The knowledge about the stability of CNx graphene-like 
model systems helps the simulation of FL-CNx film forma-
tion. SGC simulation efforts [45] combined with plasma char-
acterization during FL-CNx magnetron sputtering deposition 
[63,66] indicated that CmNn (m, n ≤ 2) species emitted from 
the sputtered target, as well as N and C atoms, are the main 
films forming species by acting as building blocks during the 
film growth.

The exact role of the CmNn precursor species was revealed 
by SGC simulation of FL-CNx film evolution by sequential 
addition of precursor species CmNn (m, n ≤ 2) to CNx graphene-
like model systems (Section 31.3) [44,45]. The results showed 
that the incorporation of the CN dimer at the film edge during 
its formation is one of the most viable  mechanisms for intro-
ducing pentagon defects to the graphene-like sheet bundles. 
Such pentagon defects, once incorporated, exhibit remarkable 
stability in a curved environment and are likely to prevail dur-
ing the subsequent growth process [44].

Also through the SGC, the role of N incorporation as a 
promoter of the evolution from planar layers to curved and 
cross-linked graphene multilayers was understood [45]. It was 
observed that N incorporation at the edge of a model system 
produces a bond rotation that contribute to three-dimensional 
cross-linking. Figure 31.9 shows an evolution path repre-
sented by a chain of growth events. It is made evident how a 
bond rotation, originating from the presence of a N atom in 
the model system, can evolve to a cross-linkage site.

In agreement with experimental observations, the applica-
tion of the SGC to FL-CNx added the knowledge and under-
standing summarized in the following points:

• N atoms reduce the energy barrier for pentagon for-
mation in graphene planes, producing the necessary 
curvature to obtain a FL-CNx structure.

• The incorporation of N in a C ring promotes the 
change in hybridization (from sp2 to sp3) of adjacent C 
atoms, promoting three-dimensional cross-linking.

• N atoms can also be part of a cross-linkage by means 
of bond rotation.

31.3.2 phospho carBide, cpx: the reaLized idea

The experimental and theoretical studies on FL-CNx thin 
films showed that their remarkable mechanical properties are 
a consequence of the incorporation of N atoms in the graphene 
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FIGURE 31.8 Cohesive energies per atom for CNx model systems as 
a function of the N concentration [45]. The values were obtained using 
the PW91 exchange and correlation potential [90]. (Reprinted from 
Chemical Physics Letters, 410, G. K. Gueorguiev. et al. First-principles 
calculations on the curvature evolution and crosslinkage in carbon 
nitride. 228–334, Copyright 2005, with permission from Elsevier.)
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planes and its peculiar structural implications. A significant 
research effort was invested in optimizing and controlling 
the mechanical properties of FL-CNx films by using different 
deposition techniques and adjusting the deposition parameters 
[41,63,64,68]. Along this line of thinking, changing the dop-
ant element may be an efficient option in the path toward a FL 
material with even better mechanical properties than FL-CNx.

In this context, phosphorus was the new element chosen by 
Furlan et al. to achieve a new member of the class of FL com-
pounds: FL-phospho carbide (FL-CPx) [43]. P follows N in 
group 15 of the periodic table, which is a hint of the chemical 
similarities between them, like their distribution of valence 
electrons and their low polarizabilities. On the other hand, 
P has lower electronegativity than N and C, and it possess 
a larger covalent radius. P also exhibits trends of hybridiza-
tion configurations that include its d orbitals. These similari-
ties, but also the subtle differences, between P, N, and C gave 
promise for a new FL material with enhanced mechanical 
properties compared to CNx. Due to its low electronegativ-
ity and its tendency toward tetrahedral coordination, P brings 
new bonding characteristics, and an expectancy to incorpo-
rate a larger density of cross-linkages between the graphene 
sheets. In addition, the larger atomic radius of the P atoms 
was expected to promote a larger deformation of the graphene 
planes, with a tendency to enhanced local curvature and 
increased density of cross-linking sites.

All these features of P as a dopant motivated focused simu-
lations within the SGC to evaluate the feasibility of synthe-
sising FL-CPx. The study comprised the stability as well as 
the energy cost for defects in CPx graphene-like pieces, the 
possibility for cross-linking, the precursor species expected 
to play a role during the magnetron sputtering deposition pro-
cess, and the growth evolution of CPx systems [17,43,71].

The cost for P substitution and the stability of defects in 
finite graphene-like model systems (similar to those shown in 
Figure 31.3) were studied by geometry relaxations and cohe-
sive energy calculations (Equation 31.1, A ≡ P). It was found 
that the incorporation of P atoms in graphene-like networks 
is more costly than the N case, due to the larger covalent 
radius and the lower electronegativity of P with respect to N 
(E E

coh at Hex coh at HexN P/ /
eV/at eV/at

, ,
. . . .= ≥ =6 53 6 30 ). P incor-

poration results in enhanced reactivity in the atomic region 
close to the incorporation site of the dopant atom and also 

considerably enhanced curvature in comparison to similar 
configurations in FL-CNx [71].

Regarding the defects’ stability, the double pentagon defect 
was found to be the most stable one, showing energetic advan-
tages with respect to single pentagon defects, as is also the case 
for CNx systems. The Stone–Wales and the tetragon defects 
exhibit lower stability. However, it is remarkable that in the CPx 
graphene-like networks, tetragons become energetically feasi-
ble with a stability close to pentagon and Stone–Wales defects. 
This is due to the ability of P to extend its d orbitals and pro-
mote the formation of four-membered rings [72]. The feasibility 
of the tetragonal defect in CPx points toward films with strongly 
curved and much shorter graphene-like pieces as well as higher 
density of cross-linking than in FL-CNx films [71].

The stability of two-dimensional CPx graphene-like model 
systems was also evaluated in terms of P content. It was shown 
that CPx thin films can accommodate up to 25 at.% of P by more 
regular distribution of the P atoms and the corresponding defect 
formation within the network, but they become increasingly 
unstable with a Ecoh/at lower than 1 eV/at. Regarding the geom-
etry, CPx systems with P content higher than 20 at.% are char-
acterized by disrupted and intersected conformations, tending 
to amorphousness with P segregation. Well-structured CPx thin 
films with elements of FL structure have been predicted by the 
SGC for P contents up to 10 at.% with a smooth transition to 
amorphous structures as the P content increases [17].

Following the SGC line of simulations, CPx film formation 
characteristics were also studied. A variety of precursor spe-
cies with compositions CnPm (1 ≤ n, m  ≤ 3) as well as pure P 
species, Pn, was considered. Figure 31.10 shows the most stable 
ones and their Ecoh/at (calculated with Equation 31.1, A ≡ P) are 
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FIGURE 31.10 Most stable CnPm precursor species [71]. The 
relaxed structures were obtained using the B3LYP exchange and 
correlation potential [89]. (Reprinted from Thin Solid Films, 515, 
A. Furlan et  al. Fullerene-like CPx: A first-principles study of the 
relative stability of precursors and defect energetics during synthetic 
growth. 1028–1032, Copyright 2006, with permission from Elsevier.)
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FIGURE 31.9 Chain of events for synthetic growth of CNx. A bond rotation at the end of the model system evolves to a cross-linkage site 
[45]. Results obtained using PW91 exchange and correlation potentials [90].
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listed in Table 31.2. The higher stability of C2P, C3P, and C3P2 
compared to the rest of the CmPn precursors was attributed to 
the fact that they have larger cohesive energies, smaller num-
ber of dangling bonds per atom, and smaller number of P–P 
bonds, which are energetically less favored than C–P bonds. 
These precursors may be formed in the deposition chamber 
during magnetron sputtering as a direct consequence of the 
sputtering process of a target consisting of a special mix of 
graphite and red phosphorus, as well as due to recombination 
processes in the deposition environment [43,71].

The precursors derived from SGC simulations together 
with the single atoms, C and P, and the dimer species, C2 and 
P2, were considered in the exploration of CPx growth evolu-
tion. One of the most important results of the growth evolu-
tion simulation was the prevalence of tetragon defects when 
different precursor sequences are attached to the system. 
Furthermore, it was found that the tetragon defects behave as 

nucleation centers for characteristic conformations, such as 
cage-like and onion-like conformations. Figure 31.11 illus-
trates an example of growth evolution for a CPx system. In this 
example, a cage-like conformation forms around a tetragon 
defect after the precursor species C3P and C2 were added. By 
successive addition of large sequences of diversified precursor 
species, the model system evolves into an onion-like confor-
mation typically observed in FL-CAx films [17]. Thus, due 
to particular dopants (in this case P), a pure graphene-like 
system can evolve into a much different, but to a large extent 
still ordered, nanostructured network.

Another new feature arising from CPx’s structural evolu-
tion is the fact that P atoms promote not only cross-linking 
between graphene-like sheets, but interlinking as well. Figure 
31.12 shows the difference between these two structural con-
cepts. Two graphene-like sheets are cross-linked when only 
one bond is formed between atomic sites belonging to the 
sheets (see Figure 31.12a). Of course, there may be several 
cross-link sites between two particular graphene-like sheets or 
finite model systems representing them. However, interlinking 
refers to the connection between two graphene layers by more 
than one bond that originate from the same site in one of them 
(see Figure 31.12b). It should be mentioned that interlinkage 
may lead to branched and densely intersected graphene sheets. 
Obviously, interlinkages favor amorphousness, and a high den-
sity of them leads inevitably to a loss of any ordered structure, 
that is, it tends to an amorphous compound [17].

SGC simulations of CPx solid compounds resulting from 
magnetron sputtering showed that the incorporation of P 

TABLE 31.2
ecoh/at for the Most Stable CPx Precursor Species Shown 
in Figure 31.10

Species C2P C3P C3P2 P4

Ecoh/at (eV/at.) 5.50 5.85 5.77 4.73

Source: A. Furlan et al. Thin Solid Films, 515(3):1028–1032, 2006.
Note: The results were obtained using the B3LYP exchange and correlation 

functional [89].
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FIGURE 31.11 Growth evolution simulation path for CPx: (a) model system containing a tetragon defect and the precursor species C3P and 
C2 added in this sequence to obtain a cage-like conformation; (b) resulting cage-like conformation formed around a tetragon defect and the 
precursor species C, C2, CP, and C3P; and (c) onion-like conformation resulting from the continuous evolution of the cage-like system after 
adding several sequences of precursor species [17]. (Reprinted from Chemical Physics Letters, 426, G. K. Gueorguiev et al. Hultman. First-
principles calculations on the structural evolution of solid fullerene-like CPx. 374–379, Copyright 2006, with permission from Elsevier.)
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FIGURE 31.12 Representation of cross-linking and interlinking sites in CPx resulting from growth evolution simulation [17].
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atoms in graphene-like systems promotes more radical 
changes in the graphene-like networks than the same amounts 
of another dopant, such as N in CNx. These results encour-
aged and guided the synthesis of CPx thin films with P con-
tent between 2.5 and 10 at.% [18,43]. In 2008, Furlan et  al. 
reported the first successful synthesis of FL-CPx [18]. FL-CPx 
films, as predicted by the SGC, proved to be harder than their 
CNx counterparts while exhibiting similar resilience.

The main points of the SGC predictions for CPx, later con-
firmed experimentally, are

• Besides pentagons, in CPx, tetragon rings become 
feasible defects, resulting in strongly bent graphene 
planes;

• P atoms are responsible for promoting the formation 
of cross-linking and inter-linking sites when incor-
porated in a graphene-like network;

• FL-CPx films can be synthesized by magnetron sput-
tering for P contents between 5 and 15 at.%.

31.3.3 suLfo carBide, csx: the prediction

The application of the SGC to FL-CNx and FL-CPx added sig-
nificant structural knowledge about the incorporation of dop-
ant atoms in graphene/graphite matrices as a key element to 
manipulate nanostructure and tailor the properties of C-based 
thin films. Such structural changes are relevant not only to 
mechanical properties but also to the electrical and optical 
properties of these films. Consequently, it is natural to submit 
new dopant elements to simulation tests in an effort to add 
even more to the wealth of properties that FL C-based thin 

films may offer. In this context, sulfur is another prospective 
dopant candidate for testing the possibility to synthesize a 
new FL compound, the FL sulfo carbide (FL-CSx).

Previously available experimental [73,74] and theoreti-
cal [74–76] studies focused on doping graphene and carbon 
nanotubes with S reported that when S is incorporated in the 
sp2 C network, the structure loses its completely planar (or 
cylindrical in case of nanotubes) shape and starts exhibiting 
a smooth local bending close to the S atom incorporation 
site [74,75]. At the same time, it was observed that S favors 
the formation of pentagons and heptagons, enhancing the 
curvature [73]. Regarding the electronic properties, Denis 
et al. [75,76] observed that S-doped graphene may become 
a small-gap semiconductor or may even show better metal-
lic properties than pristine graphene depending on the con-
centration of S. In addition, diamond and DLC films were 
successfully doped with S, improving their optoelectronic 
properties as n-type materials [23,24,77]. These studies 
on S-doped DLC reported that S promotes graphitization 
within the mainly sp3 carbon film. S-doped graphite has 
also been synthesized [78,79] and revealed to be a particu-
larly interesting system in which superconductivity has been 
demonstrated at 35 K [78].

These research efforts corroborated the idea for testing the 
feasibility of using S in the FL family and, by application of 
the SGC to the CSx system, work out if FL-CSx may be real-
istically synthesized.

As in the CNx and CPx cases, the question of the stability 
for the defects in a S-doped graphene-like model system is 
the first task in line for the application of the SGC to this new 
compound. Figure 31.13 shows the most significant resulting 

(a) (b) (c)

(d) (e)

C

H

S

FIGURE 31.13 Relaxed structures for defect containing S-doped model systems: (a) pure hexagonal model system; (b) pentagon defect; (c) 
double pentagon defect; (d) tetragon defect; and (e) Stone–Wales defect [25]. The insets represent different views of the same model systems. 
Results obtained with the PW91 exchange and correlation potentials [90].
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structures after relaxation [25]. As can be seen in Figure 31.13, 
most of the nonhexagonal ring defects in a graphene network 
are feasible and they may be incorporated without graphene 
disruption. In other words, the S atoms can effectively assume 
the role of C in a graphene-like network.

Cohesive energies per atom were calculated for all the 
systems as seen in Figure 31.13 by applying Equation 31.1 
(A ≡ S). Table 31.3 lists the values for all these relaxed struc-
tures. Following this, the energy cost to form a S-containing 
ring defect from a pure C hexagonal network was calculated. 
The structural changes relevant to the formation of such a 
defect are the following:

 Hex S Hex C Def CC S S+ → + → + ,  (31.2)

where HexC and HexS represent a pure C graphene network 
and a graphene network with one C atom substituted by a S 
atom and DefS represents the nonhexagonal ring becoming 
a S-containing defect. Therefore, the cost for the formation 
of a S-containing nonhexagonal ring defect starting from a 
pure graphene network is the total change in energy (ΔET) 
for the structural sequence in Equation 31.2. The third 
column in Table 31.3 lists the ΔET values for the differ-
ent types of defects. The single pentagon defect in CSx is 
the most favorable energetically and is expected to be the 
most abundant and structure-defining defect. In energetic 
feasibility, it is followed by the Stone–Wales defect and the 
double pentagon defect. This differs from CNx and CPx, 
where the double pentagon showed to be the most stable 
defect.

The tetragon defect is energetically the most costly in 
CSx, so its effect in a CSx system and its structure-defining 
role is expected to be relatively low. In particular, tetragon 
defects in CSx should be considerably less frequent than in 
CPx, where the stability of the tetragon defect is comparable 
to the stability of the other defects [71]. These results reveal 
the type of CSx film structure to expect in terms of curvature: 

an intermediate state between CNx (lower curvature) and CPx 
(higher curvature).

The stability of graphene-like model systems was also 
 considered for different concentrations of S [27]. As expected, 
the observed trend is a decrease in the Ecoh/at values with 
increasing S content, since the incorporation of S atoms into 
the C networks destabilizes the structure. This relation is valid 
for all type of defects and holds independently of the S incorpo-
ration sites. Figure 31.14 shows the dependence of Ecoh/at on the 
S concentration in a graphene (pure hexagonal) model system 

TABLE 31.3
ecoh/at for CSx Model Systems and Energy Cost for 
Ring-Defects Incorporation

Defect ecoh/at (eV/at.) Δet (eV/at.)

Single pentagon 10.58 0.53

Double pentagon 10.47 0.64

Stone–Wales 10.56 0.55

Tetragon 10.30 0.82

Hexagonal 10.73 0.38

Note: Ecoh/at for the CSx model systems containing ring-defects (shown in 
Figure 39.13) are listed in the second row. The third row lists the 
energy cost Δ ET for introducing a ring defect in a pure carbon hexago-
nal graphene-like sheet. The Ecoh/at for an hexagonal CSx model system 
and the energy cost for incorporating a S atom in a pure carbon hex-
agonal model system are listed as Reference 25. The results were 
obtained using the PW91 exchange and correlation potential [90].
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FIGURE 31.14 (a) Ecoh/at as a function of S concentration for a 
pure hexagonal model system for three different substitution pat-
terns (Hex1, Hex2, and Hex3). Cohesive energy differences between 
(b) the pentagon-containing network and Hex1 for three different 
 substitution patterns (Pent1, Pent2, and Pent3) and (c) the Stone–
Wales defect-containing network and Hex1 for three different sub-
stitution patterns (SW1, SW2, and SW3) [27]. Results obtained 
with the PW91 exchange and correlation potentials [90]. (Reprinted 
with permission from C. Goyenola et al. Structural patterns arising 
during synthetic growth of fullerene-like sulfocarbide. Journal of 
Physical Chemistry C, 116, 21124–21131. Copyright 2011  American 
Chemical Society.)
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(Figure 31.3a) for three different patterns of substitution (Hex1, 
Hex2, and Hex3). The behavior observed for the single penta-
gon defect and the Stone–Wales defect is very similar.

To compare the functional dependence of Ecoh/at on the S 
concentration for the pure hexagonal network and those con-
taining odd membered rings, cohesive energy differences 
(ΔEcoh/at) between a model system containing defects and a 
reference graphene network (Hex1) were computed for each S 
concentration [27]. Figure 31.14b and c show the dependence 
of Ecoh/at on S content calculated for the model system con-
taining a single pentagon defect and the Stone–Wales defect, 
respectively (three different substitution patterns for each of 
them were worked out: Pent1, Pent2, and Pent3; SW1, SW2, 
and SW3). It is observed that a pure hexagonal network is 
more stable than the defect-containing ones for S contents up 
to 10 at.%. Above this concentration, all the systems exhibited 
similar cohesive energies and became equally feasible.

The fact that most nonhexagonal defects are energetically 
feasible under a wide range of S concentrations is an important 
result for predicting the CSx structure. Regarding the structural 
implication of the incorporation of S atoms in the graphene-like 
networks: low S contents (up to 10 at.%) promote smooth bend-
ing of the graphene-like planes. At higher S concentrations, 
the graphene-like sheets curvature quickly increases, leading 
to heavy bending of planes and a higher defect concentration 
including a combination of different kinds of defects and new 
types of defects such as large N-membered rings (N = 8–12). 
Further increment of the S concentration reaches a structural 
limit at which the graphene-like network cannot accommodate 
any more S atoms without disrupting its graphene-like struc-
ture. Depending on the relative position of the incorporated 
S atoms in the network, the limit of well-structured FL-CSx 
is between 15 and 20 at.% of S. At even higher S content, the 
graphene-like network is highly interlocked, resulting in a par-
tially disrupted system. This indicates that in the case of CSx, a 
S content around 15 at.% is the most appropriate for achieving 
a well-structured FL-CSx film [27].

After establishing the S concentration range for FL-CSx 
films, the SGC continues by exploring the growth evolution 
features. As discussed in Reference 25, in the case of CSx, 
a large variety of CmSn molecules and radicals were consid-
ered possible candidates for growth precursors. Their final 
selection is based on their relative stability, the similarity to 
already known molecules and radicals [47], and previous theo-
retical and experimental experience with FL-CNx and FL-CPx 

growth by magnetron sputtering. The relaxed structures of the 
most relevant precursor species are shown in Figure 31.15 and 
their Ecoh/at are listed in Table 31.4.

The structural evolution of CSx is addressed by considering 
S-doped graphene-like model systems similar to those shown 
in Figure 31.3 and taking into account random sequences of 
the precursors listed in Table 31.4. Like other dopants (e.g., N, 
P) in graphene-like matrices, S atoms induce a change in the 
hybridization of the adjacent C atoms from sp2 to sp3 during 
film growth. This results in the creation of cross-linking sites. 
It is a particular feature of CSx that cross-linkages are not 
expected to play such an important role as they do in CNx and 
CPx, since during the CSx film evolution some of the cross-
linking sites are assimilated back into a graphene-like sheet 
that intersects the original one. An example of a cross-linking 
with subsequent assimilation is shown in Figure 31.16 [27].

Another notable CSx feature found during the SGC growth 
evolution of this compound is the formation of cage-like con-
formations (see Figure 31.17a) [27] similar to those observed 
for CPx [17]. However, in the case of CSx, the cage-like con-
formations are not necessarily initiated by the presence of 
tetragons in the network, but they must be associated with 
pentagon defects. In addition, conformations in which large 
graphene-like pieces grow parallel (Figure 31.17b) as well as 
graphene-like sheets intersecting each other at angles close to 
90° were also observed (Figure 31.17c) [27].

To sum up, the SGC arrived to the following conclusions 
with respect to the CSx compound:

• Well-structure FL-CSx is predicted for S contents 
between 10 and 20 at.%
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FIGURE 31.15 Relaxed structures for the most relevant CmSn precursor species [25]. Bond lengths are in Å and bond angles are in degrees. 
The structures were obtained employing the PW91 exchange and correlation potential [90].

TABLE 31.4
ecoh/at for the Most Relevant CmSn Precursor Species 
(Shown in Figure 31.15) and the Dimers C2 and S2

Species SCCS CCS SCS C2S4 C2S CS C2S2

Ecoh/at (eV/at.) 6.52 6.21 6.17 5.97 5.77 5.73 5.54

Species CSCS CS2 CSC SSC C2 S2

Ecoh/at (eV/at.) 5.37 5.24 4.96 4.68 4.39 3.64

Source: C. Goyenola et al. Chemical Physics Letters, 506(1–3):86–91, 2011.
Note: The results were obtained using the PW91 exchange and correlation 

potential [90].
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• Structurally, and therefore in terms of mechanical 
properties too, CSx occupies an intermediate position 
between CNx and CPx

• Fine structural features (e.g., cage-like systems with-
out tetragons, parallel growing of graphene-like 
sheets) make the CSx unique

The results described in this section are the reason why 
experimental attempts to deposit CSx films by magnetron 
sputtering may be worth trying in order to obtain yet another 
member of the class of the FL carbon-based thin films with 
tunable mechanical properties.

31.3.4  carBon fLuoride, cfx: the 
structuraL diversity

Enlarging the family of FL compounds by considering new 
dopant elements is not about mechanical properties alone. It 

also provides the opportunity to synthesize thin films with 
new optical, electrical, and thermal properties.

Fluorine is chemically very different from both the matrix 
element in C-based thin films and the dopants N, P, and S. The 
electronic configuration of F is such that it leads to one single 
C–F bond in C networks. Unlike N, P, and S, F cannot take the 
role of C when incorporated into a graphene-like system. F is 
also the most electronegative element and possess low polar-
izability, bringing new bonding characteristics to a C-based 
thin solid film doped with F (CFx).

In particular, fluorinated C-based thin films have been 
synthesized by different methods of vapor phase deposition 
[28–30,68,80–84]. The CFx films have shown a variety of 
properties, such as low dielectric constant and low refractive 
index [80–82], moderate hardness [29,30,83], low friction 
coefficient [83], high wear resistance [83], chemical inertness, 
and biocompatibility [29]. The microstructure of the CFx thin 
films reported so far is of an a-C nature (DL, polymer-like, 
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FIGURE 31.16 Chain of bonding events leading to the formation of a cross-linkage site and its subsequent assimilation into the growing 
planar network [27]. (Reprinted with permission from C. Goyenola et al. Structural patterns arising during synthetic growth of fullerene-
like sulfocarbide. Journal of Physical Chemistry C, 116, 21124–21131. Copyright 2011 American Chemical Society.)
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FIGURE 31.17 Structural patterns arising during growth evolution of CSx: (a) a cage-like conformation indicated by the shadowed area; 
(b) parallel growing planar graphene-like sheets; and (c) intersecting planar CSx graphene-like sheets [27]. Different views of each system 
are shown in the insets. (Reprinted with permission from C. Goyenola et al. Structural patterns arising during synthetic growth of fullerene-
like sulfocarbide. Journal of Physical Chemistry C, 116, 21124–21131. Copyright 2011 American Chemical Society.)
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etc.). Additionally, considerable research efforts have been 
dedicated to a variety of CFx compounds [85,86], attributable 
to the interest in Teflon®-like materials with improved ther-
mal resistance.

Before the SGC simulations of CFx [30,87], the possibility 
of obtaining FL-CFx has not been evaluated. This could add 
properties such as high hardness and high elasticity inherent 
to a FL compound to Teflon-like materials.

In the spirit of the SGC, the stability of typical defects 
inherent to FL compounds were evaluated for the case of CFx 
graphene-like networks (pentagons, heptagons, tetragons, 
and combinations of them, see Figure 31.3) [30,68,87]. As 
expected, SGC simulation results revealed the CFx com-
pound as a very different case from the previously discussed 
ones (CNx, CPx, and CSx). It was observed that the usual ring 
defects frequently found in CNx, CPx, and CSx are not stable 
(Figure 31.3) when F atoms are incorporated in the graphene-
like sheets. Instead, since F can form one single bond, it dis-
rupts the graphene network where it bonds and new structural 
patterns characteristic for CFx arise [30,87].

One of the structural defects typical for CFx is large 
N-membered (N = 7–8) rings (see Figure 31.18a). The open-
ing of such large rings is promoted and stabilized by the 
formation of C–F bonds involving a C atom that belongs to 
the ring. The resulting C–F bond undergoes a bond rotation 
and, after relaxation, the F atom ends up sticking out from 
the graphene-like sheet (observe the inset in Figure 31.18a). 
The combination of a large ring and a C–F bond rotation 

introduces curvature to the graphene-like plane, but this 
effect is less pronounced than the curvature that originates 
due to pentagon and tetragon defects in inherently hexago-
nal networks [30,87]. A particular case of this specific CFx 
structural pattern is the stabilization of a pure C pentagon 
at the edge of a large ring opposite to the C–F bond (Figure 
31.18b). The cost for the formation of the pentagon defect in 
CFx is reduced by the strain and curvature provoked by the 
C–F bond rotation [87].

Another typical defect pattern in CFx is the branching 
of a graphene sheet, where the incorporation of an F atom 
induces the creation of C chains at the edge of the model 
system (see Figure 31.18c). Generally, the branching in CFx 
induces increased reactivity and a tendency to a less-ordered 
network. The resulting C chains resemble short polymeric 
chains, pointing to soft CFx films of polymer-like nature. The 
film formation during vapor phase deposition is a stochastic 
process and, therefore, the as-formed C chains are not strictly 
polymers in the sense that they do not consist in rigorously 
repetitive CxFy units [30,87].

A peculiar variant of the branching defect in CFx is 
revealed by the formation of hexagonal nanoribbons at the 
edge of the model system. Figure 31.18d shows an example 
where the incorporation of a F atom induces the splitting of 
the model system in two arms consisting of a sequence of 
hexagons. This type of branching illustrates the possibility 
of splitting of a CFx graphene-like plane in two pieces that 
may grow independently with the possibility for intersection 
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FIGURE 31.18 Structural patterns characteristic for CFx: (a) large N-membered ring, N = 9; (b) large N-membered ring, N = 9, with sta-
bilization of a pure C pentagon; (c) branching of the model system in two C chains; (d) branching of the model system in two ribbons; and 
(e,f) simple bond rotation [31].
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and cross-linking. This mechanism of film formation, when 
predominating, would eventually lead to frequent interlocking 
and mostly amorphous structures [87].

Also, simple C–F bond rotation at the edge of the model 
system was observed and analyzed (Figure 31.18e and f). The 
C–F bond rotation is suggestive for cross-linking involving 
the C atom participating in the C–F bond. This feature is not 
unique to CFx and has also been observed in CNx [45] and CPx 
[17]. The main difference between CFx on one hand and CNx 
and CPx on the other is that while N and P can actually par-
ticipate in the cross-linking by forming more than one bond, 
F atoms are not able to do so. This results in a preferential 
direction for cross-linking, opposite to the direction where the 
F atom is located [87].

While the formation of large rings contributes to pre-
serving the integrity of an ordered graphene-like network 
and induce smooth curvature, the branching mechanism 
promotes amorphization of the compound by formation of 
polymer-like chains or intersection of graphene-like pieces. 
The SGC results showed that the gain in Ecoh/at is larger for 
the former (0.405 eV/at.) compared to the latter (0.383 eV/at.). 
Consequently, during film growth evolution at low F concen-
trations (up to 10 at.%), many F atoms will contribute to the 
curvature of the graphene sheets, while a lower number of 
them will induce structural patterns tending to amorphization. 
Therefore, FL types of defects can be formed with moderate 
curvature and relatively low degree of cross-linking. Higher 
F concentrations would result in the incorporation of a larger 
number of defects leading to less-ordered films (amorphous 
and polymer-like) [30,87,88].

The described relation between F concentration and the 
expected film microstructure is in excellent agreement with 
experimental observations. All characterization efforts of CFx 
thin films [28–30,68,80–84,88] agree on the strong depen-
dence of the microstructure of these films on the F content. 
The microstructure of CFx films can go from graphite-like and 
DL to polymer-like in order of increasing F content. There are 
still no reports on the synthesis of FL-CFx. This is due to the 
fact that during CFx film growth by magnetron sputtering it 
is difficult to achieve the low F incorporation necessary for 
FL-CFx [30,68].

Summarizing the results obtained by the SGC for CFx thin 
films:

• The most typical defects characteristic for the other 
FL compounds (CNx, CPx, CSx) are not feasible in 
CFx

• F incorporation into graphene-like networks induces 
the formation of large N-membered (N = 8–12) rings 
and network disruptions by branching mechanisms

• FL-CFx films could be achieved for F concentra-
tions lower than 10 at.% while larger F contents 
lead to amorphization of the film by accumulation 
of defects

• Polymer-like CFx is promising as a new Teflon-like 
material with possibly improved mechanical and 
thermal properties in comparison to Teflon

31.4  FULLERENE-LIKE CARBON-BASED 
THIN FILMS CLASS IN A NUTSHELL

From Sections 31.4.1 to 31.4.4 it becomes evident that due to 
the success of the SGC simulation approach, a new class of 
C-based thin films is emerging: that of the inherently nano-
structured and FL C-based thin films.

FL-CNx has shown a unique combination of high hardness 
and high elasticity due to its particular microstructure consist-
ing of buckled graphene sheets that also cross-link. The SGC 
of CNx showed that the incorporation of N in the graphene net-
work leads to a completely new material, which is susceptible to 
tailoring during magnetron sputtering deposition. By studying 
precursor species and evolution, the SGC shows how to tailor 
the structure and properties of CNx by changing the deposition 
conditions. In particular, N incorporation in a graphene net-
work induces the formation of pentagon defects and changes in 
the hybridization of C atoms from sp2 to sp3. Pentagon defects 
are the mainly responsible for the curvature of the graphene 
planes and the sp3-hybridized C atoms are the main responsible 
for cross-linking. While the elasticity originates in the curved 
graphene pieces, the hardness is related to the cross-linking 
between them and their intersection [13,41,44].

FL-CPx was first predicted by the SGC and then successfully 
synthesized at the Thin Films Physics Division at Linköping 
University. CPx films were a success story by their own right, 
since their synthesis has been entirely guided by the SGC and 
they can come as an improvement on CNx films. It was shown 
that P atoms incorporated in the graphene network promotes 
not only the formation of pentagon defects, but also tetragon 
defects. The curvature induced by tetragon defects is more 
pronounced than that produced by pentagons. This means 
that CPx films can be expected to have graphene pieces with 
larger curvature than CNx, but shorter and more intersected. In 
addition, besides cross-linking, a mechanism for interlinking 
was also found. Both these mechanisms contribute to a more 
interlocked film. The synthesized FL-CPx films showed less-
pronounced FL structural features compared to FL-CNx, with 
increased hardness but lower elasticity. This is in agreement 
with the prediction of a more interlocked film [17,43].

FL-CSx has been predicted to exist for S concentrations 
between 10 and 20 at.%. Pentagons are the most relevant 
defects in film formation, but other defects including hepta-
gons and tetragons are expected to coexist. The variety of 
defects predicted contributes to curvature and intersections of 
graphene pieces similar to the CPx case, but less pronounced. 
In addition, cross-linking mechanisms were found to be less 
frequent in CSx than in CNx and CPx. The combination of these 
structural features puts FL-CSx films in an intermediate posi-
tion between FL-CNx and FL-CPx regarding microstructure 
and mechanical properties [25,27], which makes CSx films a 
very attractive proposal for future synthesis.

Finally, CFx films have been shown by SGC simulations 
to exhibit large structural diversity. The structural diversity 
arise from new structural patterns that become feasible in 
CFx: large N-members (N = 8−12) rings and branching of 
graphene-like sheets. While FL features are expected at low F 
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concentrations (≤10 at.%), they evolve into softer polymer-like 
films at larger F contents. In very recent experimental work 
at the Thin Films Physics Division at Linköping University 
[30,32,68], this structural diversity was confirmed.

31.5 CONCLUDING WORDS ABOUT THE SGC

The SGC is an original approach especially adequate for 
modeling and designing nanostructured materials that lack 
periodic structure, but possess atomic order and structural 
patterns. The SGC approach combines small but characteris-
tic subunits or nanotemplates that retain the basic structural 
characteristics of the compound. Structural evolution, careful 
precursor studies, and exploring different growth sequences 
are strong points for the SGC. In particular, the class of FL 
C-based thin films has been introduced by employing the 
SGC, demonstrating the possibility of modeling C-based thin 
films using low-dimensional graphene-like nanostructures.

Another highlight of the SGC and of the new class of FL 
C-based thin films is the close collaboration with experimen-
talists and the impact of the SGC predictions on experimental 
success. This also shows how remarkable scientific results can 
be obtained when experimental work is accompanied by an 
appropriate theoretical approach and vice versa.
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32 Graphene-Based Hybrid Composites

Antonio F. Ávila, Diego T. L. da Cruz, 
Hermano Nascimento Jr., and Flávio A. C. Vidal

ABSTRACT

This chapter discusses the advantages and disadvantages of 
hybrid composites nano-modified by carbon nanostructures. 
A brief review on carbon nanotubes and graphene describes 
the major techniques employed into the “composite’s world.” 
To be able to exemplify the graphene use, this chapter reports 
the effect of graphene dispersion into epoxy adhesives and 
its aging by UVA light exposure. To achieve this goal, two 
approaches were employed. The first one was direct exposure 
of the nano-modified AR300/AH30-150 samples to UVA 
light for 400 hours. After the aging process, nanoindenta-
tion tests were performed. The second approach was based 
on tensile tests of aged single lap joints (SLJs). The gra-
phene nanostructures formed inside the AR300/AH30-150 
nano-modified adhesive seems to block the aging process, 
as none of the specimens presented a decrease on stiffness. 
The force–displacement curves obtained by nanoindenta-
tion seem to indicate a good dispersion process, as the large 
majority of the curves laid down at the same path. When 
the SLJs were tested, the results also indicated an average 
increase on bearing-load capacity of 40.96% and 72.03% 
for 1 wt.% and 2 wt.%, respectively for 100 hours aging. 
When the aging reached 200 hours, there is a decrease on 
load capacity when compared against the 100 hours results. 
The average load capacity was 27.03% and 58.19% higher 
than the not aged AR300/AH30-150 SLJs. At 400 hours, 
there is another increase on load capacity, that is, 32.06% 
and 74.43% for 1 wt.% and 2 wt.% graphene, respectively. A 
finite element simulation revealed that peel and shear stresses 
at adhesive edge increased by 82%. The Fourier Transformed 
Infrared tests revealed that chemical changes on hydroxyl, 
carbonyl, and epoxy components could be the reason for this 
behavior. The graphene dispersion into the epoxy adhesives 
seems to have a double folded effect; in one hand, it increases 
the bonded joint capacity, and on the other hand, blocks the 
aging effect of UVA light.

32.1  CARBON-BASED NANOSTRUCTURES: 
A BRIEF OVERVIEW

As discussed by Mauter and Elimelech [1], carbon’s exclusive 
hybridization properties and its structure morphing capability 
to perturbations in synthesis conditions allow for tailor-made 
manipulation to a degree not yet matched by inorganic nano-
structures. Among the most important carbon-based nano-
structures, carbon nanotubes (CNTs) and graphene nanosheets 
(GNs) are truly the most important ones. As described by 
Saito et al. [2], CNT is a honeycomb lattice rolled into a cyl-
inder. CNTs have been the center of many researches due to 
their dimensions and remarkable electro-mechanical proper-
ties. In general, a CNT diameter has a nanometer size and its 
length can be more than 1 μm. Its large aspect ratio (length/
diameter) is appointed as one of the reasons for the CNTs 
notable properties. According to Kalamkarov et al. [3], single-
walled nanotubes (SWNTs) have predicted specific strength 
around 600 times larger than steel. As described by Gein and 
Novoselov [4], graphene is the designation of a single layer 
of carbon atoms tightly packed into a two-dimensional (2D) 
honeycomb lattice. This carbon atom monolayer array is the 
building block for graphitic materials. As commented by Lee 
et al. [5], the graphene effective elastic moduli follow a normal 
distribution with a peak close to 1.0 TPa, which is equivalent 
to the SWNT. This high stiffness and elevated strength (Tang 
et al. [6] reported a 130 GPa value) can be attributed to two 
factors, that is, the elevated specific surface area (≈2600 m2/g) 
and the strong carbon–carbon covalent bonds. Based on 
mechanical properties of these carbon-based nanostructures, 
Odegard et al. [7] postulated that they are valuable options for 
improving mechanical properties of composites. Furthermore, 
these reinforcements at micro/nanoscale can be used for cre-
ating the so-called multi-scaled composites (MSC). The MSC 
are multi-phase reinforced composites, that is, in addition to 
traditional reinforcement carbon fibers, the matrix is replaced 
by nanocomposites. As commented by Joshi and Dikshit [8], 
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nanocomposites can be obtained by dispersing nanoparticles/
nanostructures into the polymeric matrix. The dispersion pro-
cess can create inside the polymeric matrix three different 
nanostructures, that is, intercalated, exfoliated, and mixed. 
According to Gouda et al. [9], the exfoliated nanostructured 
are the ones with best mechanical performance due to the 
largest surface area. Although CNTs have great potential for 
applications in a large variety of usages, for example, aero-
space industry, medical, and electronic devices, there is no 
consensus about their exact mechanical properties.

CNT capabilities have been observed experimentally 
and verified by numerical analysis. Frankland et  al. [10], 
Jin and Yuan [11], and Agrawal et al. [12] are among those 
researchers who employed molecular dynamics for analyz-
ing CNTs. The atomistic simulation approach was employed 
by Belytschko et al. [13], Lurie et al. [14], Gates et al. [15], 
while the nano-mechanics modeling was described by Liu 
et al. [16], Ruoff and Pugno [17], Li and Chou [18], and Ávila 
et al. [19]. The basic difference between the two groups of 
modeling is the approach employed. The molecular mechan-
ics ones are based on finite element simulations where beam 
elements replaced the covalent bonds while Van der Waals 
bonds were represented by spring elements. The atomistic 
modeling employed chemical potentials, for example, the 
Moore’s one, to describe the carbon–carbon bonds. Although 
CNTs have tremendous potential in a large variety of appli-
cations, for example, aerospace and medical industries, there 
is no consensus about their exact mechanical properties. The 
experiments performed up to now have presented large vari-
ability due to the inherent complexity of manipulating these 
materials. However, their potential is unquestionable, in spe-
cial for composites.

As mentioned by Ávila et  al. [20], carbon-based nano-
structures, that is, CNTs and GNs, can be combined to tradi-
tional composites for a multi-scale reinforcement. Moreover, 
the recent developments on CNT synthesis have led to dra-
matic decrease into its cost. As a consequence, the number of 
researchers using carbon-based nanostructures increased, and 
the results on nano-reinforcement of composites laminates 
are encouraging. Among those researchers are Kim et  al. 
[21] who described no significant increase on tensile proper-
ties of the addition of CNTs to carbon fibers/epoxy laminates. 
Nonetheless, they noticed an enhancement on flexural modu-
lus (≈12%) and strength (≈18%) with the addition of 0.3 wt.% 
of CNT to the epoxy system. This increase can be attributed 
to changes into flexural failure mechanisms. Following the 
same idea, Chou et al. [22] discussed the influence of CNTs 
into the failure of laminated composites. They even pro-
posed the concept of a multi-phase inter-laminar architecture 
that can bridge inter-laminar cracks. Wicks et al. [23] actu-
ally produced the multi-phase nano-reinforced laminated 
composites proposed by Chou et  al. [22]. In their laminate, 
CNTs were grown in situ in all fibers leading to a “fuzzy” 
fibers configuration. As mentioned by Wicks, aligned CNTs 
bridges the plies interfaces, which can lead to an increase on 
toughness, for the steady state condition, 76% higher than the 
conventional laminated systems. Notice that for the interlayer 

nano-reinforcement some issues must be considered, that is, 
the interfacial bonds between CNTs, fiber/matrix system, and 
the length effect into this “grip condition.” To understand the 
failure mechanism, Shokrieh and Rafiee [24] modeled the 
CNT length effect on reinforcement effectiveness. Moreover, 
they concluded that for CNTs with length less than 100 nm, 
the improvement on stiffness for CNT/polymeric systems 
is negligible. Experimental data provided by Ma et  al. [25] 
demonstrated the limitations of using CNTs with aspect ratio 
smaller than 100 into polymeric systems. The “fuzzy” fibers 
configuration developed by Wicks et al. [23] is also limited as 
all plies have to be loaded with CNTs. This increase on “fiber 
density” due to the “CNTs loads” can lead to manufacturing 
limitations, for example, a severe decrease on resin flow chan-
nels into vacuum-assisted impregnation. It is clear that alter-
native techniques must be developed.

Different techniques have been tested for incorporating 
CNTs into composite materials. The CNT infusion into lami-
nated composites and its alignment by applying an electric 
field after the infusion was studied by Domingues et al. [26]. 
The major criticism on Domingues’ work is the amount of 
CNT dispersed which is around 0.1 wt.%. Another approach 
tried to link CNTs to laminated composites was implemented 
by Wu et  al. [27]. Wu’s work was based on electrochemi-
cal grafting of CNTs on carbon fibers surface. Although 
the technique described by Wu et al. [27] seems to be effec-
tive, it is limited to the CNT concentration into the solution. 
Moreover, as noticed by Wu, there were “preferential regions” 
for CNTs direct attachment to carbon fibers. These preferred 
sites were fibers’ grooves and edges. This phenomenon led to 
a non-uniform distribution of CNT on carbon fibers surface. 
Another technique used for attaching CNTs to carbon fibers 
was studied by De Riccardis et al. [28] and Vilatela et al. [29]. 
In their case, the chemical vapor deposition (CVD) technique 
was employed for directly grown CNTs into carbon fibers. De 
Riccardis’ work was based on deposition of nickel clusters 
and later on the CNTs were grown by hot filament chemical 
vapor deposition (HFCVD) technique. By using ferrocene as 
precursor and CVD as the growing process, Vilatela was also 
able to obtain good quality CNTs. Moreover, the CVD tech-
nique employed by Vilatela and collaborators [29] seems to be 
much simpler and easier to control. Although the results pre-
sented by De Riccardis et al. [28] and Vilatela et al. [29] seem 
to be encouraging, much work has to be done for applications 
to laminated composites, in special high performance carbon 
fiber/epoxy systems.

It is clear that CNTs can be used as potential reinforce-
ment for nanocomposites and/or multi-scale composites, 
but recently GNs are emerging as another option to CNTs. 
According to Yasmin et  al. [30], graphene-based nanocom-
posites can be an alternative option for engineering applica-
tions due to their outstanding specific strength and stiffness. 
However, the different routes to obtain GNs and their dis-
persion processes can lead to a large variety of mechanical 
properties. The first route for obtaining GNs was based on 
mechanical cleavage. Nevertheless, as discussed by Balandin 
et al. [31], this technique is time consuming and a series of 
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defects can be introduced during this process. An alternative 
to mechanical cleavage is the chemical route.

As discussed by Stankovich et  al. [32], a common route 
for graphite platelets, which can be used as GNs precursor, 
is based on graphite expansion. The expanded graphite (EG) 
is produced from graphite intercalation compounds through 
intercalant rapid evaporation at elevated temperature. Once 
the EG is obtained, techniques like ultrasonication and/or 
ball milling can be used to obtain graphite nanoplatelets and 
later on GNs. These graphite nanoplatelets consist of hun-
dreds of stacked graphene layers. Few layers of graphene can 
be obtained by dispersing the graphite nanoplatelets into an 
aqueous solution using ultrasonication followed by ultracentri-
fugation. To overcome this extra procedure, Ruoff’s research 
group [32] proposed the use of graphite oxide (GO) instead 
of EG. As commented by Allen et al. [33], the advantages of 
GO method are the low cost and massive scalability. However, 
the major criticism to GO method is the use of hydrazine for 
GO’s chemical reduction. Cooper et al. [34] pointed out the 
hydrazine high toxicity and the environmental concerns about 
its use. As noted by Stankovich et al. [35], the chemical reduc-
tion has the objective of restoration of graphitic network of 
sp2 bonds and consequently increases on electrical conduc-
tivity. However, coagulation can occur during the reduc-
tion of exfoliated GO nanoplatelets, which makes virtually 
impossible to disperse these nanostructures within polymeric 
matrices. Another problem was detected by Dreyer et al. [36]. 
According to them, the degree of oxidation caused by differ-
ences in starting graphite sources or oxidation protocol can 
cause substantial variations in the GO structure and proper-
ties. This was the case of the work reported by Marcano et al. 
[37]. By introducing a modification on Hummer’s method, 
that is, they used a mix of H2SO4/H3PO4 at a ratio of 9:1 and 
by excluding the NaNO3, they were able to obtain a larger 
amount of GO. However, the use of hydrazine for GO reduc-
tion was kept. Again, this harmful chemical component was 
employed, which is the major criticism of their work. A pos-
sible solution for hydrazine use was proposed by Shahil and 
Balandin [38]. They proposed a methodology based on natu-
ral graphite ultrasonication on an aqueous solution of sodium 
chlorate followed by centrifugation and mechanical exfolia-
tion by ultrasonication and high shear mixing. This method-
ology is capable of obtaining multilayer graphene (MLG) 
consisting of 1–10 stacked atomic monolayers. A similar 
methodology was proposed by Ávila et al. [20]. Ávila and co-
workers [20], however, employed N,N-Dimethylformamide 
(DMF) as a solvent. No aqueous solution of sodium chlorate 
was used. Ultrasonication (20 kHz for 2 hours) followed by 
a high shear mixing at 17,400 RPM (2 hours) lead to MLG 
with the number of graphene monolayers stacked between 2 
and 50. After the DMF evaporation, the nanocomposite con-
solidation was made by dispersing the MLGs into the epoxy 
resin again using the high shear mix procedure under restrict 
temperature control (<70°C).

To be able to obtain an epoxy–MLG-based nanocompos-
ite, Shahil and Balandin [38] simply dispersed the MLG into 
epoxy system by mechanical mixing. This procedure does not 

guarantee the homogeneity required for engineering applica-
tions. Moreover, it is a possible source of voids due to air bub-
bles entrapment during the mixing/cure procedure. Another 
dispersion procedure was employed by Yang et al. [39]. Yang’s 
work, however, took the advantage of the hydrophilic condi-
tion of GO nanoplatelets after oxidation. Therefore, they first 
disperse the GO nanoplatelets into an aqueous (they employed 
a 1 mg/mL concentration) solution using ultrasonication and 
later on the resulting solution was added to the polyvinyl alco-
hol (PVA) solution. This procedure can only be employed due 
to the special nature of such nanocomposite (both PVA and 
GO are hydrophilic). Their mechanical results indicated an 
increase on tensile strength around 30% with addition of 3.5% 
graphene. This increase on tensile strength could be related to 
the decrease on crystallinity reported by Yang and coworkers 
[39]. It is a well-known fact that high degree of crystallin-
ity makes polymer brittle and stiffer. By observing fracture 
surfaces, Yang et  al. [39] noticed layered structures with 
uniformly dispersed GNs into PVA matrix. Moreover, the 
graphene dispersion into PVA matrix leads to a change into 
the overall macroscopic behavior from brittle to ductile. This 
phenomenon can be related to the decrease on crystallinity. 
A much higher increase on tensile strength was reported by 
Kuilla et al. [40], where the addition of 0.7% by weight of GO 
leads to an improvement on tensile strength close to 150%. 
This substantial increase seems to be related to the crystal-
linity changes and the solution blending technique employed. 
According to Wang et al. [41], an “extra” exfoliation is pro-
vided by this technique due to GO’s swelling. Young et  al. 
[42], however, provided another explanation for such increase. 
They recalled that GO’s individual nanoplatelets are often 
wrinkled, which provides an additional superficial area. 
Rafiee et al. [43] went further, as they were able to link this 
“extra” superficial area effect into matrix toughening (in their 
case epoxy). It is important to point out that superficial area 
is not the only issue that must be considered. The total num-
ber of layers (which can be translated into total thickness), 
separation of graphene layers and shape are also important, 
as they can influence the matrix toughness by controlling the 
crack propagation. Moreover, according to Mukhopadhyay 
and Gupta [44], the surface energy is also another issue, as 
high surface energy help to improve dispersion into polymeric 
matrices. Unfortunately, a much easier dispersion provided by 
high surface energy also leads to a decrease on conductivity. 
This trade-off is the key issue for polymeric matrix/graphene 
nanocomposites.

A series of experiments on polymeric matrix/graphene 
nanocomposites were reported by Kuilla et al. [40]. Two are 
the major procedures that can be employed for nanocompos-
ites’ synthesis. The first one is the solution intercalation. This 
procedure is based on a solvent system in which graphene or 
MLG or GO is dispersed (in general by ultrasonication and/
or high shear mixing) and allowed to swallow. Later on the 
intercalated solution is mixed to the polymeric matrix, and 
the solvent is evaporated. This procedure is particularly suit-
able for epoxy systems. The second major technique is related 
to melted intercalation. In this case, no solvent is required, 
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but a homogeneous mixture of graphene or MLG or GO and 
the polymeric matrix has to be prepared. This homogenous 
mix is then melted by extrusion or injection molding. This 
practice is appropriate for thermoplastics, for example, high 
density polyethylene (HDPE), polypropylene (PP), and poly 
methyl methacrylate (PMMA). In all cases, that is, thermo-
plastics and thermosets, the addition of graphene or MLG or 
GO improves mechanical and/or electrical properties.

In summary, the use of carbon-based nanostructures such 
as CNTs and graphene/MLG is a viable option for composite 
materials. Table 32.1 shows an overall description of the work 
cited in this sub-section.

32.2  HYBRID COMPOSITES IN CONTEXT: 
ADHESIVES NANO-MODIFIED BY 
GRAPHENE

Adhesives have been used since the early ages of mankind, but 
until a century ago, the vast majority was obtained from natu-
ral products such as bones, skins, fish, milk, and plants. It was 
only in the beginning of the twentieth century that adhesives 
based on synthetic polymers have been introduced, but their 
usages were limited due to their high cost and poor mechani-
cal properties. As discussed by Crocombe and Ashcroft 
[45], it was only in 1940s that a more scientific approach 
has employed to understand the adhesion phenomenon. The 
progresses into polymer sciences lead to the development of 
new adhesives and consequently an increase on load-bearing 
capacity. Furthermore, new designs [46–50] also contributed 
to the increase on bonded joints efficiency. A comprehensive 
study on single lap joints (SLJs) was performed by Hart-Smith 
[46]. The designs created by Zeng and Sun [47], and Ávila and 

Bueno [48] employed the concept of changing the peel stress 
distribution by employing the wavy shape configuration to the 
bonded area. A similar idea was employed by Ashrafi et al. [49] 
in which the wavy shape was applied at the adherent adhesive 
interface. An analytical study on damage tolerance of bonded 
joints was described by Romilly and Clark [50]. They were 
able to develop a close form solution for cracked bonded struc-
tures. However, no environmental conditions were considered.

As commented by Banea and da Silva [51], bonded joints 
are frequently expected to sustain static or cyclic loads for 
considerable periods of time without any adverse effect on 
the load-bearing capacity of the structure. Even more impor-
tant, as described by Petrova and Lukina [52], adhesive joints 
used in aerospace industry, for example, airplane and helicop-
ter structures operate in the loaded state. Therefore, they must 
hold a high stability toward a variety of mechanical, chemical, 
and physical changes under service conditions. These changes 
are, in most cases, triggered by environmental conditions. 
According to Kablov et  al. [53], the climate changes can be 
represented by hygrothermal cycling. Although moisture dif-
fusion and temperature changes are important factors to under-
stand the adhesive mechanical and physical chemical changes, 
another issue must be considered, that is, UV light exposure.

The polymeric matrices photo-degradation singularity by 
UV light was addressed by various researchers [54–59] in dif-
ferent ways. Woo et  al. investigated the residual properties 
of epoxy/nanoclay nanocomposites exposed to UV light and 
moisture. As expected, the flexural modulus decreased due to 
plasticization effect of moisture. Another well-known effect 
of UV light, the embrittlement, was also detected by Woo and 
collaborators. However, Woo was not able to clearly identify 
the nanoclay effect into the nanocomposites’ aging process. 

TABLE 32.1
Overall Description of Work Done on Carbon-Based Nanostructures

Work Description References

Overall description of CNT nanostructure and bases and critical 
review

Mauter and Elimelech [1], Saito et al. [2]

Modeling and prediction of CNTs mechanical properties by 
discrete, continuum, and atomistic models

Kalamkarov et al. [3], Belytschko et al. [13], Liu et al. [16], Ruoff et al. [17]

Modeling CNTs by molecular dynamics approach Frankland et al. [10], Jin and Yuan [11], Agrawal et al. [12]

Modeling CNTs by molecular mechanics approach Li and Chou [18], Ávila et al. [19], Chou et al. [22]

Modeling CNTs-based composite materials Odegard et al. [7], Lurie et al. [14], Gates et al. [15], Kim et al. [21], Chou et al. [22]

CNTs synthesis and growth Saito et al. [2], Riccardis et al. [28], Vilatela et al. [29], Wicks et al. [23]

Experimental analysis of CNTs-based composites Joshi et al. [8], Kim et al. [21], Wicks et al. [23], Shokrieh and Rafiee [24], Ma et al. 
[25], Domingues et al. [26], Wu et al. [27], De Riccardis et al. [28]

Graphene nanostructure description and applications Geinand and Novoselev [4], Allen et al. [33], Cooper et al. [34]

Graphene synthesis Tang et al. [6], Stankovich et al. [32], Dreyer et al. [36], Marcano et al. [37]

Measurements of graphene properties Lee et al. [5], Balandin et al. [31]

Mechanics of graphene nanocomposites Young et al. [42], Ávila et al. [19]

Graphene-based nanocomposites description and critical review Mukhopadhyay and Gupta [44]

Synthesis and testing of graphene-based composite materials Ávila et al. [20], Yasmin et al. [30], Stankovich et al. [35], Shahil and Balandin [38], 
Yang et al. [39], Kuilla et al. [40], Wang et al. [41], Rafiee et al. [43]

Experimental analysis of CNTs and graphene-based composites Gouda et al. [9]

Source: Diego Thadeu Lopes da Cruz. Efeito da exposocao a luz ultravioleta em adesivo nanomodificado por grafeno. Thesis. Used with permission 2014.
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Another investigation into the nanostructures effect into 
polymeric composite aging was performed by Allaoui et al. 
[55], where CNTs were dispersed into epoxy systems. They 
were not able to clearly assess the influence of CNTs into the 
aging process. Their conclusions were mostly overshadowed 
by the mechanical improvements provided by the CNTs. The 
work done by Mailhot et al. [56] focused on how the nanopar-
ticle/nanostructures morphology affected the aging process. 
Again, the conclusions seem to be obvious, the nanoparticles/
nanostructures’ morphology did not affect the aging process. 
Chemical changes are driven by photo-degradation and not by 
the nano-fillers. The work done by Larché et al. [57] addressed 
this issue for the phenoxy resin. The mechanism proposed by 
Larché et al. [57] proposed a correlation between the molecu-
lar cross-link caused by UV radiation and the micro-cracks 
formed into the composite’s surface. The same analogy was 
proposed by Dao et  al. [58] for epoxy-based composites, in 
their case 8552/IM7, a year early. As discussed by Dao, the 
thermal-oxidation phenomenon leads to molecular stiffening, 
shrinking, and micro-cracking. Furthermore, the chemical 
degradation of 8552/IM7 fiber composite indicated that the 
degradation phenomenon was multifaceted and temperature 
and humidity dependent. Their conclusions were that mod-
eling of real life degradation by thermally accelerated aging 
and Arrhenius extrapolations of the results were not able to 
produce very accurate predictions. The work done by Chang 
and Chow [59] went further, as they were capable of corre-
lating the UV exposure with interface debonding for glass/
epoxy/organoclay hybrid composites. Although no informa-
tion about the debonding mechanism was provided by the 
authors, a possible explanation for this phenomenon could 
be the mismatch on thermal expansion coefficient between 
the glass fibers and the nano-modified epoxy/MMT system. 
Even though the literature on polymeric matrices aging by 
hygrothermal and UV radiation addressed different aspects of 
mechanical properties degradation, bonded joints have spe-
cial characteristics and are treated using a different approach.

Higgins [60] discussed the durability of adhesive bonds 
as a function of weathering conditions. As Higgins pointed 
out that subsonic airplanes, bonded joints have been applied 

for primary structures and one of the most important issues 
is their shear lap strength after exposition to temperature 
variations (typically an airplane has to operate in tempera-
tures from −55°C to +80°C), humidity and most of the fluids 
used during the plane’s operation. Sugiman et al. [61] focused 
their attention to the humidity diffusion process through 
the bonded joints, in their case SLJs, and the correspondent 
loss of strength. In their work, the SLJs made of aluminum 
2024-T3 adherents and FM73 adhesives were immersed into 
deionized water at 50°C for one and two years, respectively. 
They noticed that after a year, the FM73 reached its saturation 
limit. Furthermore, they also observed a decrease on bearing-
load capacity of 22.1% after one year of water immersion and 
24.2% after the second year. By analyzing Sugiman’s results, 
it is possible to conclude that water diffusion is an impor-
tant issue. However, for real life airplane operations (passing 
through clouds, rain, de-icing, etc.), the water diffusion effect 
plays a secondary role, as there is no enough time for water 
diffusion into the bonded joints. More specifically, there is no 
enough time for the moisture to damage the adhesive/adherent 
interface region. As commented by Datla et al. [62], the loss 
of bearing-load capacity in bonded joints is, in general, attrib-
uted to the weaknesses into this region. It is possible, however, 
to have damage inside the adhesive itself. The work done by 
Knight et al. [63] concluded that under hydrothermal condi-
tions (moisture diffusion associated to temperature variations) 
lead to changes on failure mode from cohesive zone (within 
adhesive layer) to fiber tear (within the top layers of the adher-
ent). These facts can be attributed to the adhesive layer poros-
ity and the voids formation during the laminate consolidation. 
Baldan [64], however, pointed out another important issue, the 
adhesive and adherent degradation by UV radiation.

32.3 EXPERIMENTAL PROCEDURES

The SLJs were made of aluminum 2024-T3 with a thickness of 
2.8 mm and a width of 25.4 mm. The SLJs geometry followed 
the ASTM D 5868-10 standard [65]. Figure 32.1 describes the 
single-lap dimensions. The adhesive employed in this research 
is an epoxy system AR300/AH30-150 supplied by Barracuda 
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FIGURE 32.1 Single-lap joint dimensions in millimeters. (From Diego Thadeu Lopes da Cruz. Efeito da exposocao a luz ultravioleta em 
adesivo nanomodificado por grafeno. Thesis. Used with permission 2014.)
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Composites. The adhesive was nano-modified by graphene 
dispersion. The graphene nanostructures dispersion process 
into the epoxy system followed the methodology described 
by Ávila et al. [20], that is, ultra-sonication at 20 KHz for 60 
minutes followed by high shear mixing at 17400 RPM for 
60 minutes. The graphene concentrations dispersed into the 
adhesives were 1 wt.% and 2 wt.% with respect to the adhe-
sive weight. For benchmark purposes, a set of SLJs without 
graphene was also prepared and tested.

To be able to reproduce the day light and following the 
ASTM G154-12 standard [66], four UVA light of 30 watts 
with a wavelength of 340 nm were employed. Each set of SLJs 
(5 specimens) were exposed to the UVA lights in a sealed 
chamber. The UVA light exposure times were no aging (time 
zero), 100 hours, 200 hours, and 400 hours. These time inter-
vals were selected based on similar experiment performed by 
Lin et al. [67]. Once the SLJs were aged, the tensile tests fol-
lowing the ASTM D 5868-10 standard [65] were performed. 
The nanoindentation tests were accomplished by Asylum 

Research’s Atomic Force Microscope; model MFP-3D, with 
a diamond Berkovich tip. Finally, to understand the adhe-
sive’s chemical changes under UVA light a Fourier Transform 
Infrared (FTIR) analysis was executed in all samples. The 
experiments were carried out on an IF66 spectrometer 
(Brucker Optics Inc.) at transmission mode and mid-range 
infrared, that is, from 400 to 4000 cm−1, with a nominal reso-
lution of 4 cm−1 resolution and 32 summations.

A finite element analysis using plane strain condition and 
linear 4 node elements [68] was performed to be capable of 
tracking the peel and shear stress fields. The adhesive was 
considered isotropic and its Young’s modulus was based on 
the results from nanoindentation tests.

32.4 DATA ANALYSIS AND DISCUSSION

To understand how UVA light affects the nano-modified 
AR300/AH30-150 adhesive, a set of nanoindentation tests 
were performed. The nanoindentation tests were done in 
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different locations to be able to check if the graphene nano-
structures were evenly distributed. As suggested by Mailhot 
et al. [69], the elastic moduli of aged polymeric matrices were 
kept unchanged for layers deeper than 40 μm from the exposed 
surface. Therefore, all nanoindentation tests were done at the 
same distance from the surface, that is, 300 nm. This depth is 
enough to avoid surface roughness influence into the measure-
ments. Figure 32.2a shows the nanocomposite Young’s mod-
uli obtained by nanoindentation for specimens with 0 wt.%, 
1 wt.%, and 2 wt.% of graphene, at time equals to 0, 100, 200, 
and 400 hours, respectively. As expected, the graphene addi-
tion led to an increase on stiffness. However, an interesting 
phenomenon can be spotted for the 1 wt.% at time zero and 
400 hours. An apparent softening process seems to occur. 
The decrease on stiffness can be explained by void formation 
during the cure process (Figure 32.2b). Although some varia-
tions seem to be spotted, the curves (force–displacement) laid 
down in the same path (Figures 32.2c and e). By observing 
these graphs, two conclusions can be done: (i) the graphene 
nanostructures seem to be uniformly distributed; (ii) the UVA 
radiation is also uniformly spread through the entire sample 
area. It is important to mention that in each sample at least 36 
nanoindentation tests were done in different locations.

The nanoindentation results seem to indicate that gra-
phene nanostructures dispersed into the AR300/AH30-150 
epoxy system somehow blocked the polymer degradation due 
to UVA radiation. This shielding effect can be explained by 
the 2D shape of graphene blocks dispersed into the polymeric 
matrix as it can be observed in Figures 32.3. To understand 
how the graphene nanostructures affected the AR300/AH30-
150 adhesive degradation, the FTIR tests were performed for 
each set of specimen. Figure 32.4a, c shows the FTIR sig-
natures at the transmission mode to identify the degradation 
products as described by Xiao et al. [70]. A tentative assign-
ment of the major bands in FTIR of the studied epoxy system 
is listed in Table 32.2, as in Ngono and Maréchal [71].

As it can be noticed, during the aging process, the hydroxyl 
stretching increases, which can be an indication of water 
intake. The aromatic ring stretching decreased with the aging 
process for the no-graphene samples. A different pattern was 
noted for the samples with the graphene addition. The aro-
matic ring stretching (1612-1545-1512 cm−1) increased with 
the aging time. This stretching associated to the increase 
on epoxy functional (918 cm−1) and p-Phenylene groups 
(829 cm−1) can explain the increase on stiffness observed. 
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FIGURE 32.3 Graphene 2D structure by TEM. (From Diego Thadeu 
Lopes da Cruz. Efeito da exposocao a luz ultravioleta em adesivo nano-
modificado por grafeno. Thesis. Used with permission 2014.)
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However, for the 400 hours aging samples with graphene, 
a small decrease on stiffness was observed. This decrease 
can be explained by the formation of micro-cracks into the 
samples’ surface. These micro-cracks create a false sense of 
softening. This phenomenon is demonstrated by the hardness 
measurements obtained during the nanoindentation tests and 
is represented by Figure 32.5.

By analyzing Figure 32.6a through c, it is possible to con-
clude that graphene dispersion leads to an increase on SLJ 
load capacity. As commented by Woo et  al. [54], previous 
studies on epoxy systems photo-degradation suggested forma-
tion of carbonyl and hydroxyl groups through chain scission 
and hydrogen abstraction from the polymer backbone. The 
graphene blocks nanostructures seem to delay the oxygen and 

free radical penetration and the degradation as described by 
Woo et  al. [54]. However, as the number of hours of UVA 
exposure increases, another factor takes place, that is, the for-
mation of small micro-cracks, which could be the reason for 
this decrease on SLJ load capacity. Yet, a possible explanation 

TABLE 32.2
Tentative Assignment of Major Bands

Bands (cm−1) Assignment

3406 Hydroxyl (–OH) stretching

2968–2850 Alkyl units (C–H) stretching

1653 Carbonyl group (C = O)

1612–1545–1512 Aromatic ring stretching

1297 Twisting mode of –CH2– groups

1255 Stretching mode for aromatic ether

1182 C–C stretching of two p-Phenylene groups

1041 Stretch of the trans forms of the ether linkage

918 Epoxy functional group

829 p-Phenylene groups

Source: Diego Thadeu Lopes da Cruz. Efeito da exposocao a luz ultravio-
leta em adesivo nanomodificado por grafeno.Thesis. Used with per-
mission 2014.
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FIGURE 32.5 Nanoindentation hardness. (From Diego Thadeu 
Lopes da Cruz. Efeito da exposocao a luz ultravioleta em adesivo 
nanomodificado por grafeno. Thesis. Used with permission 2014.)
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FIGURE 32.6 Single lap joint force–displacement plots: (a) con-
trol samples; (b) 1 wt.% graphene samples; (c) 2 wt.% graphene 
samples. (From Diego Thadeu Lopes da Cruz. Efeito da exposocao 
a luz ultravioleta em adesivo nanomodificado por grafeno. Thesis. 
Used with permission 2014.)
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for the increase in strain (large displacement), at the same 
time the stress (load capacity) is increased, is the competing 
process between the carbonyl and hydroxyl groups formation 
and recombination of hydrogen and carbon in the surrounded 
areas of graphene nanostructures. This competing process 
could cause a swelling that can be the reason for such increase 
on displacement. It is important to mention that Fernandez-
Garcia and Chiang [72] detected a swelling into epoxy sys-
tems during the aging process. Unfortunately, a relationship 
between the swelling phenomenon and the aging process is 
not completely established.

To understand how the graphene dispersion and UVA 
light aging affected the peel and shear distribution inside the 
SLJs, a finite element simulation was performed. Notice that 
as discussed by Kumar et al. [73], the two most important 
stresses into SLJs are σyy (peel) and τxy (shear). The finite 
element model has 18,096 elements and 112,186 degrees-of-
freedom. Figure 32.7 shows a representation of the mesh at 
the bonded line. The two stress fields (peel and shear) are 
summarized in Table 32.2. As discussed by Turaga and Sun 
[74], the stress distribution inside the adhesive calculated by 
the finite element method is meshing dependent. Therefore, 
a very refined mesh was used and this mesh was kept the 
same for all simulations. The adhesive was assumed to be 
isotropic and homogeneous with Young’s modulus given by 
the nanoindentation tests, and Poisson’s ratio of 0.34 was 
from Turaga and Sun [74].

By observing Table 32.3 it is possible to detect an increase 
on peel and shear stresses at failure. The increase on peel (σyy) 

and shear (τxy) stresses when compared against the reference 
samples (no aging and no graphene dispersion) to the 2 wt.% 
graphene samples aged for 400 hours was approximately of 
82%. The two major factors for such increase seem to be the 
graphene addition and the UVA exposure. The Von Mises 
equivalent stress distribution, for no graphene addition at time 
zero, is shown in Figure 32.8. As it can be observed, the maxi-
mum value is located at the edge, as predicted by He [75].

32.5 CLOSING COMMENTS

After studying the thermo-mechanical behavior of epoxy/
graphene hybrid composite, some conclusions can be drawn. 
First, the force–displacement curves obtained by nanoin-
dentation seem to indicate a good dispersion process, as 
the large majority of the curves laid down at the same path. 
Furthermore, the nanoindentation revealed an increase on 
stiffness when graphene was added to the epoxy system. 
Another interesting phenomenon is the UVA light expo-
sure somehow seems that it favorably affected the epoxy 
system. The UVA exposure promoted chemical changes 
detected by FTIR techniques. These chemical changes on 
hydroxyl, carbonyl, epoxy, and p-Phenylene groups seem to 
allow an increase on stretching by swelling that reflected 
an overall increase on load capacity. When the SLJs were 
tested, the results also indicated an average increase on 
bearing-load capacity of 40.96% and 72.03% for 1 wt.% and 
2 wt.%, respectively for 100 hours aging. When the aging 
reached 200 hours, there is a decrease on load capacity when 
compared against the 100 hours results. The average load 
capacity was 27.03% and 58.19% higher than the not aged 
nano-modified AR300/AH30-150 SLJs. At 400 hours, there 
is another increase on load capacity 32.06% and 74.43% 
for 1 wt.% and 2 wt.% graphene. A finite element simula-
tion revealed that peel and shear stresses at adhesive edge 
increased by 82%. The Fourier Transformed Infrared tests 
revealed that chemical changes on hydroxyl, carbonyl, and 
epoxy components could be the reason for this behavior. The 
graphene dispersion into the epoxy adhesives seems to have 
a double folded effect; in one hand, it increases the bonded 
joint capacity, and on the other hand, blocks the aging effect 
of UVA light.

FIGURE 32.7 Finite element mesh representation. (From Diego 
Thadeu Lopes da Cruz. Efeito da exposocao a luz ultravioleta em 
adesivo nanomodificado por grafeno. Thesis. Used with permission 
2014.)

TABLE 32.3
Peel and Shear Stresses as Function of Time and Graphene Concentration

UV Time Exposure

No Graphene 1 wt.% Graphene 2 wt.% Graphene

Peel (kPa) Shear (kPa) Peel (kPa) Shear (kPa) Peel (kPa) Shear (KPa)

0 2993.8 −315.8 3266.4 −342.8 4233.3 −450.7

100 3223.0 −338.6 4187.0 −440.9 5406.4 −574.9

200 3420.0 −359.8 3935.0 −417.5 5024.7 −535.4

400 3426.1 −361.2 3892.0 −409.4 5425.9 −575.9

Source: Diego Thadeu Lopes da Cruz. Efeito da exposição a luz ultravioleta em adesivo nanomodificado por grafeno. Thesis. 
Used with permission 2014.
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33 Graphene Dispersion by Polymers and 
Hybridization with Nanoparticles

Po-Ta Shih, Kuo-Chuan Ho, and Jiang-Jen Lin

ABSTRACT

Dispersion of sp2 carbon materials such as carbon nanotubes 
(CNTs) and graphene in polymer matrices is considered to be 
essential for effectively utilizing the material in its primary 
structure. A great number of literatures have focused on the 
chemical modifications on the nanomaterials’ surface through 
covalent bonding reactions; however, the methods are gener-
ally disadvantageous because of the possible disruption of 
the π-surface conjugation and the decrease of electric, opti-
cal, and thermal properties. Other methods of using poly-
meric dispersants for non-covalent bonding interaction with 
the target materials could also reach a homogeneous disper-
sion while maintaining the intrinsic characteristics without 
disrupting the covalent bonds of the materials. This review 
covers both methods of covalent and non-covalent interac-
tions with the π-surface of sp2 carbons including CNT and 
graphene, but emphasizing on the new developments of poly-
meric dispersants for achieving dispersion homogeneity and 
stability. In addition, the homogeneous dispersion could be 
the precursors for hybridizing metal nanoparticles (NPs) such 
as Ag and Pt to produce hybrid materials. These dispersion 
methods are further applied for maximizing the performances 
of the NP interaction with the fundamental graphene platelets. 
The fine dispersion of graphene in primary platelet units and 
their hybridizations with NPs have a myriad of applications 
for fabricating devices with advanced properties of electric 

conductivity, heat dissipation, and catalyst in dye-sensitized 
solar cell.

33.1 INTRODUCTION

Fullerene [1,2], carbon nanotube (CNT), and graphene are 
allotropes of carbon [3,4], exhibiting sp2 hybridization within 
the spherical, tubular, and planar structures, respectively, and 
possessing the combination of excellent electrical, mechani-
cal, and thermal properties [5–7]. Among these carbon materi-
als, CNTs have been proven to be very effective as nanofillers 
[8–11], and graphene for superior mechanical, thermal, gas 
barrier, and electrical properties in polymer nanocomposites 
[12–14]. All of these advances in enhancing polymers’ physi-
cal properties relied on the fine dispersion of nanomaterial 
units in the polymer matrix and their intensive interfacial 
bonding forces.

With respect to three different geometric shapes of spheri-
cal, fibril, and platelet-like shapes for all nanomateials, gra-
phene at its extremely thin thickness has particularly intensive 
van der Waals and π–π stacking forces that are most difficult 
to be overcome for being compatible with organic polymers. 
The self-aggregation of these nanomaterials is often a seri-
ous problem in polymer blending process [15]. The methods 
of making a homogeneous dispersion of graphene primary 
structure have been widely reported. In general, the route 

CONTENTS

Abstract ..................................................................................................................................................................................... 529
33.1 Introduction ..................................................................................................................................................................... 529
33.2 Dispersion of Carbon Materials via Surface Modifications ............................................................................................ 530

33.2.1 Surface Modifications of Carbon Nanotubes ...................................................................................................... 530
33.2.1.1 Via Covalent Bonding ........................................................................................................................... 530
33.2.1.2 Via Non-Covalent Bonding (π–π Interactions) ......................................................................................531

33.2.2 Surface Modifications of Graphite ...................................................................................................................... 532
33.2.2.1 Via Graphene Oxide ............................................................................................................................. 532
33.2.2.2 Via Covalent Bonding with Organic Functionalities ............................................................................ 533
33.2.2.3 Via Non-Covalent π–π Interactions ...................................................................................................... 533

33.3 Hybridization of Graphene with Various Functional Nanoparticles ............................................................................... 534
33.3.1 Nanoparticles-on-Graphene ................................................................................................................................. 534
33.3.2 Applications of Graphene Hybrids ...................................................................................................................... 534
33.3.3 AgNP/Grpahene Hybrids and Applications ........................................................................................................ 535
33.3.4 PtNP/Grpahene Hybrids and Applications .......................................................................................................... 536

33.4 Conclusions ...................................................................................................................................................................... 536
References ................................................................................................................................................................................. 536



530 Graphene Science Handbook

of oxidization, blending/mixing, and reduction via graphene 
oxide (GO) intermediates was used, in which organic moi-
eties such as hydroxyl, epoxide, ketone, carbonyl, and car-
boxyl groups were generated to increase their organophilic 
property and polymer compatibility [16]. However, one of the 
drawbacks in the process is the possible disruption of gra-
phene π-surface. Even partial destruction of the conjugated 
π-surface may be detrimental to the property of electrical 
conductivity of graphene. The surface modification without 
disrupting π-surface is an important research topic.

In this review, an overview of surface modifications 
through covalent and non-covalent bonding interactions is 
first covered. Surface modifications via covalent bonding can 
largely improve the dispersion of carbon materials that sub-
sequently enhance physical, mechanical, and thermal proper-
ties of nanocomposites. In the distinct approach, non-covalent 
bonding interaction required the addition of a foreign organic 
compound such as a surfactant or a polymeric dispersant in 
order to facilitate the homogeneity of dispersion. Further, the 
review covers the recent research efforts on hybridizing gra-
phene with various nanoparticles including silver (AgNP) and 
platinum nanoparticles (PtNP). Their diversity of graphene–
particle hybrid applications including antibacterial and dye-
sensitized solar cells (DSSCs) is also reviewed.

33.2  DISPERSION OF CARBON MATERIALS 
VIA SURFACE MODIFICATIONS

CNTs and graphenes are promising nanomaterials for fabri-
cating the devices with unique properties including electronic 

properties, thermal conductivity, and mechanical properties. 
Since the nanomaterials have the inherent tendency of aggre-
gation into secondary structures due to strong van der Waals 
force, a dispersing method is required for graphene before 
blending into polymer matrices. The fine dispersion of pri-
mary units in polymers is the ultimate goal for achieving high 
performance of the nanocomposites. Hence, the approaches 
of functionalizing CNT and graphene are the essential steps 
to prevent the nanomaterial self-aggregation. These methods 
are summarized in Table 33.1.

33.2.1 surface modifications of carBon nanotuBes

The surface modifications of CNTs can be divided into two 
types: (1) adding organic functionalities by covalent bonding 
reaction to the conjugated and (2) non-covalent interaction of 
carbon material π-surface with surfactant molecules or poly-
meric dispersants.

33.2.1.1 Via Covalent Bonding
By attaching covalent bonding species [17], the surface 
structure of CNT is disrupted by transforming sp2 to sp3 
orbitals of carbon atoms. As a result, the functionalization 
of CNT rendered the solubility improvement as well as the 
compatibility for polymers. The covalent functionaliza-
tion was commonly performed by oxidation into carbox-
ylic acids for the second-step transformation and organic 
introduction on the side walls of CNTs. Generally, sulfu-
ric acid, nitric acid, and hydrogen peroxide were used to 
generate the oxygenate functionalities such as –COOH 

TABLE 33.1
Dispersion of Carbon Materials via Surface Modifications
Carbon Materials Dispersing Interaction Dispersing Method Functional Groups References
CNT Covalent bonding Acidification –COOH and –OH [18–21]

Amidation Amide [22]

Acidification; amidation Amide [25]

Fluorination Fluoride [26,27]

Cycloaddition Carbene [28]

Arylation Aryl [29]

Esterification Ester [30]

Amidation; esterification Amide; ester [31]

Organometallic reagent Lithium [32]

Polymer grafting Various polymers [33–36]

CNT Non-covalent bonding Small molecule surfactants [37–39]

Immobilization of DNA and proteins [40]

Polymer wrapping [42–48]

Graphene Covalent bonding Inorganic acidification Hydroxyl, epoxy, carboxyl [59–61]

Amide; carbamate [58]

Induced by amino acids [62]

Graphene Non-covalent bonding PSS [55]

TCNQ [63]

PBA [64,65]

POE-imide (home-made) [66]

SPANI [67]
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or –OH on the CNTs [18]. Simultaneously, the acid treat-
ment also destroyed some of CNT carbon–carbon double 
bonds including the conjugation and the diffraction pattern 
of lattice structure [19–21]. In the second-step, a variety 
of chemical reactions can be conducted [22]. Finally, the 
modified CNTs could be dispersed in polymer matrices 
[17,23]. In an example, the synthetic routes including direct 
thermal, acylation-mediated and DCC-coupling amida-
tion for grafting poly(oxyalkylene)-amines onto MWNT–
COOH were reported. The method allowed the tethering 
of different polyether backbones, including hydrophobic 
poly(oxypropylene) and hydrophilic poly(oxyethylene), onto 
CNT. The dispersion of the modified CNT either in water or 
in organic solvents was possible [24]. In another example, it 
was demonstrated that fluorine could be added onto CNTs 
and transformed further by using anhydrous hydrazine 
[25]. The single-walled CNT can be fluorinated and then 

sonicated in alcohols to form “fluorotubes” [26]. The trans-
formation of CNT by direct functionalization with carbenes 
[27] and arylation were reported [28]. Functionalization 
was also affected by attaching polymer molecules [29] 
via the carboxylic acid/thionyl chloride treatment to acyl 
chloride intermediates, and followed esterification leading 
to the attachment of dendritic poly(ethylene glycol). The 
polymer grafting to highly soluble linear copolymers such 
as poly(propionylethylenimine-co-ethylenimine) (PPEI-EI) 
via amide linkages or poly(vinyl acetate-co-vinyl alcohol) 
(PVA-VA) via ester linkages was reported [30]. Polymer-
functionalized CNT using organometallic approach was 
revealed [31]. It was demonstrated that multi-walled CNTs 
can be effectively functionalized using organometallic 
reagents such as n-butyllithium. The introduction of lithium 
species led to the diversified route of organometallic reac-
tions. In situ polymerization of monomers in the presence of 
activated CNT was successfully developed to graft different 
polymers such as polyamide 6 (Figure 33.1) [32], PMMA 
[33], PS [34], poly(N-isopropylacrylamide) (NIPAM) [35]. 
The common polymerization was suitable for applying to 
CNT surface via radical, cationic, anionic, ring-opening, 
and condensation polymerization.

33.2.1.2 Via Non-Covalent Bonding (π–π Interactions)
Non-covalent functionalization of CNT has attracted particular 
interests due to the advantages of the remaining pristine struc-
ture of CNT. The association of CNT by non-covalent wrap-
ping or interaction with the hydrophobic portion of surfactants 
or their micelles was proposed, particularly for the presence of 
aromatic groups in the micelles. Among the effective surfac-
tants of anionic, cationic, and non-ionic species, a stable aque-
ous colloidal dispersion of CNT was demonstrated by using 
sodium dodecyl sulfonate (SDS) [36] and sodium dodecylben-
zene sulfonate (NaDDBS) [37]. The presence of benzene rings 
for promoting π–π interaction was shown to be an important 
non-covalent bonding force for the association [38]. In Figure 
33.2, the conceptual diagram for the adsorption of different 
surfactants onto the nanotube surfaces is illustrated. In another 
example, the direct non-surfactant immobilization of protein 
and DNA on CNTs was reported [39]. The CNT/polymer inter-
actions could alter the polymer morphology through the chiral 
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FIGURE 33.1 Synthesis of nylon-6-functionalized single-walled 
carbon nanotubes (Nylon-SWNT) (Reprinted with permission 
from Qu L, Veca LM, Lin Y et al., Soluble nylon-functionalized 
carbon nanotubes from anionic ring-opening polymerization from 
nanotube surface. Macromolecules 38:10328–31. Copyright 2005 
American Chemical Society.)
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nature of the nanotube surface [40]. Further, CNT can also be 
successfully solubilized in organic [41] or aqueous [42] after 
non-covalent interaction. The introduction of polymer gener-
ally increased the dispersion of CNT. The polymer “wrapping” 
around the CNTs can be attributed to the specific interactions 
[43,44]. In a specific example, oil-soluble poly(isobutylene)-
amines, consisting of hydrophobic alkyls and multiple amine 
functionalities, were synthesized and used to disperse CNT 
in an organic medium. The amine molecules wrapped CNTs 
enabled the surface roughness formation of epoxies that con-
sequently resulted in a superhydrophobicity on glass substrate, 
as shown in Figure 33.3 [45]. The amphiphilic poly(styrene)-
b-poly(acrylic acid) copolymer in forming micelles was used 
to encapsulate CNT [46] and render the dispersion and sta-
bilization. The block copolymers adsorbed to the nanotubes 
by a non-wrapping mechanism were also suggested [47]. 
The strong π–π interaction and steric barrier for aggregation 
between polymer backbone and nanotube surface led to dis-
perse single-walled CNT in mediums.

33.2.2 surface modifications of Graphite

Owing to the phase–phase stacking force, graphene is 
expected to have a higher tendency for self-aggregation 
than CNT. To overcome the inherent self-aggregating of the 
platelet-like nanomaterials is considered to be difficult [15]. 
Stable suspension of graphene in water or organic mediums 
is required for the fabrication of graphene-based composites 
[48]. To avoid the aggregation of graphene in polymer matrix 
[49], the process of oxidation and chemical derivation has 
been generally adopted similar to the CNT oxidation to car-
boxylic acid [50,51]. Functional groups attached to graphene 
included small molecules [52] or polymer chains [53,54]. The 
dispersion and processability can be improved through the 
chemical functionalization [55], such as esterification [56], 
isocyanate reaction [57], and polymer wrapping [53,54]. The 

general approaches for the organic modification are shown in 
the following sections.

33.2.2.1 Via Graphene Oxide
GO is the graphite derivative with covalently attached oxy-
gen-containing groups on the layer surface. These oxygenate 
groups are generated by inorganic acid oxidation [58]. The 
lamellar structure with randomly distributed oxygenates in 
aromatic regions (sp2 carbon atoms) and some six-membered 
aliphatic regions (sp3 carbon atoms) is the result of oxidation. 
Mainly, the exposed oxygen-containing functional groups 
such as hydroxyl, epoxy, and carboxyl, are embedded in the 
carbon layers, as shown in Figure 33.4. It has been proposed 
that the epoxy and hydroxyl functionalities lie above and 
below each carbon layer, while the carboxylic acid groups are 
located near the edges of the layers [59]. The GO precursor 
may be dispersed in water and followed by the addition of 
an aqueous KOH solution. A good electrical conductivity for 
a homogeneous aqueous suspension of chemically modified 
graphene was reported [60]. The addition of KOH to GO sheet 
could generate large negative charges of potassium salts from 

PIB-amine Cured with epoxy
CA = 152°

Substrate

PIB-amine/CNTs/epoxy filmCNTs PIB-amine/CNTs dispersion

CA = 119° CA = 158° CA = 152°

(at 1/1 equivalent weight ratio of epoxide/-NH)
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40 nm

550 nm

30 nm
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FIGURE 33.3 Manipulation of the surface roughness by dispersing CNT with a PIB-amine copolymer, and the formation of a superhy-
drophobic film. (Reprinted with permission from Hsu CP et al. Facile Fabrication of Robust Superhydrophobic Epoxy film with polyamine 
dispersed carbon nanotubes. ACS Appl Mat Interfaces 5:538–45. Copyright 2013 American Chemical Society.)
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the reactive hydroxyl, epoxy, and carboxylic acid groups. The 
further addition of hydrazine monohydrate to KOH-treated 
GO produces a homogeneous suspension that can be main-
tained for months.

33.2.2.2  Via Covalent Bonding with Organic 
Functionalities

GO can be reduced back to the surface with high conjuga-
tion of aromaticity by hydrazine reduction or other reagents. 
However, the residual functional groups are undesirable for 
some applications but remained. Another drawback of using 
a hazardous reducing agent or solvent may affect the down-
stream uses involving biomolecules and conjugated polymers 
[48]. Covalent-bond modification involved the reactions with 
organic amines, and isocyanates as the modifiers [57,58]. 
It was demonstrated that the treatment of GO with organic 
isocyanates resulted in a new class of iGO derivatives. In 
polar aprotic solvents, the materials were further exfoliated 
into GO nanoplatelets. These surface modifying agents were 
converted to the GO sheets containing amide and carbamate 
groups [57]. The face-to-face stacking among the GO sheets 
was effectively limited and easily dispersed [58].

The surface of graphene can also be derived by amines 
and amino acids. The combination of redox reactions and the 
surface modification of GO with amines led to novel recon-
structed GO and graphite derivatives [61]. The covalent func-
tionalization of graphene sheets with PVA by two synthetic 
strategies was reported (Figure 33.5) [53]. Direct esterifica-
tion of GO and acyl chloride derivation (GOCl) routes led to 
the products that were soluble in dimethyl sulfoxide (DMSO) 
and water.

33.2.2.3 Via Non-Covalent π–π Interactions
The structural similarity between CNT and graphene is the 
sp2 carbons on graphene platelets and cylinders with sev-
eral nanometers in diameter. In polymer matrices, the ultra-
sonic treatment in water in the presence of surfactants such 
as SDS and Triton X-100 could render the dispersion of the 

nanomaterials. In the presence of polymer/polymeric anions, 
stable polymer-grafted dispersion of graphene was achieved. 
Stable aqueous dispersions of graphene nanoplatelets were 
prepared by dispersing reduced graphite oxide by amphi-
philic polymer, poly(sodium 4-styrenesulfonate) (PSS) [54]. 
An aqueous dispersion of graphene could be prepared from 
the expanded graphite using 7,7,8,8-tetracyanoquinodimeth-
ane (TCNQ) anion as the stabilizer. The facile route may be 
developed into the aqueous dispersion of graphene sheets for 
a number of applications [62]. It appeared that TCNQ anions 
enabled to adsorb on graphene sheet surface and drive the 
material into water. The TCNQ-stabilized graphene sheets 
could be re-dispersible in water, DMF, and DMSO. The 
preparation of stable aqueous dispersions of graphene by 
pyrene derivatives, 1-pyrenebutyrate (PB−), as the stabilizer 
was reported due to its strong π-surface affinity to the basal 
plane of graphite [63]. The process was performed by using 
alkaline solution of pyrene butyric acid (PBA) to react with 
a GO dispersion and followed by hydrazine reduction [64]. 
A homemade polymeric dispersant, POE-imide, was synthe-
sized for the dispersion of graphene through non-covalent 
interactions; the aromatic imide functionalities of POE-imide 
facilitate the π–π interactions between the POE-imide and the 
graphene. The presence of lone pair electrons of POE-imide 
in its poly(oxyethylene) and imide functionalities is supposed 
to be capable of facilitating the polar interactions between 
the PtNPs and the graphene nanoplatelets [65]. A conjuga-
tive polymer, sulfonated polyaniline (SPANI), was used to 
produce a water-soluble and electroactive composite [66]. The 
successful reduction of GO was confirmed by electrical con-
ductivity measurement of 30 S m−1 for the composite film.

Overall, the utilization of sp2 carbon materials in its pri-
mary structure required the materials to be organophilic and 
compatible with polymers. Both of covalent and non-covalent 
modifications were useful for the purpose of dispersing the 
materials in primary units. The graphene surface may be oxi-
dized into GO as the intermediates for the subsequent reac-
tions. However, the π-surface conjugation is often disrupted 
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and the original natures such as electric conductivity and 
thermal properties are unintentionally reduced. On the other 
hand, the non-covalent bonding method involving the use of 
polymeric dispersants can largely maintain the pristine char-
acters of sp2 conjugation. The ultimate goal is to make homo-
geneous dispersion of the nanoscale carbon materials via the 
π-surface chemistry in achieving the exfoliation of graphene 
platelets, dispersion homogeneity, and stability.

33.3  HYBRIDIZATION OF GRAPHENE WITH 
VARIOUS FUNCTIONAL NANOPARTICLES

GO contains oxygen-containing functional groups such as 
hydroxyl, epoxide, carbonyl, and carboxylic acid. The mul-
tilayered structure is possibly swelled and intercalated by 
incoming organics. Hence, GO is an excellent host matrix for 
the incorporation of aliphatic hydrocarbons, transition metal 
ions [67], and hydrophilic molecules and polymers [68]. It is 
also possible to fabricate these derivatives into thin films with 
smart properties [69,70]. Since the oxidative functionalities 
can be further removed by elimination into C–C conjugation, 
the graphene–metal nanocomposites are ultimately produced.

The attachments of metal nanoparticles (NPs) on graphene 
surface could generate new graphene–NP hybrids. Similar 
strategy has been reported in synthesizing CNT–AgNP 
hybrids. The hybrid film with surface resistance as low as 

1 × 10−2 Ω/sq was obtained by melting the AgNPs at con-
trolled annealing temperature in air. The important factors 
of the Ag/CNT/dispersant composition and AgNP migration 
kinetics were considered (Figure 33.6) [71]. It is expected that 
the NPs on CNT or graphene hybrids may exhibit novel cata-
lytic, magnetic, and optoelectronic properties. The utilization 
of graphite oxide [72–74] for hybridizing the metal–graphene 
composites was performed by in situ reduction of metallic 
salts on GO sheets [75,76].

33.3.1 nanoparticLes-on-Graphene

Due to the unique geometric shape and sp2 character, gra-
phene has been used to hybridize with many different metal 
NPs. In order to add on new properties such as antibacterial 
and catalytic activity, inorganic NPs have been hybridized 
into the interlayer of the graphene sheets. Various metal and 
metal oxide NPs included Ag, Pt, Au, Pd, Cu, Ni, Co, and Fe, 
as listed in Table 33.2.

33.3.2 appLications of Graphene hyBrids

Au nanoparticles (AuNPs) dispersed onto GO sheets exhib-
ited excellent surface enhanced Raman scattering (SERS) 
and catalytic activities, as compared with the pristine AuNPs 
[77]. The preparation of Au–GO and Au–rGO composites by 

Step 1. Formation of AgNPs/CNT nanohybrid:

Ag+ → Ag0

Step 2. Formation of flexible and conductive films:

Pristine CNTs

Solution coating

POE-imide

Δ <170°C Δ >170°C

AgNPs migration

TEM

2 μm 2 μm 2 μm

170°C 350°C
FE-SEM

CNTs

Sheet resistance: From 2.1 × 105 to 2.7 × 10–2 Ω/sq

AgNPs fusionAg/CNT nanohybrid

CNTs and POE-imide
de-bundling

Ag/CNT nanohybrid

FIGURE 33.6 Illustration of the process making polymer dispersed CNT–AgNP nanohybrids. (Reprinted with permission from Dong 
RX. Controlling formation of silver/carbon nanotube networks for highly conductive film surface. ACS Appl Mat Interfaces 4:1449–55. 
Copyright 2012 American Chemical Society.)
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a simple physisorption method could afford the composition 
with controlled NP size and size distribution. The hybrids 
demonstrated an enhanced SERS absorption and catalytic 
performance. The GO was functionalized by surfactants and 
rendered homogeneous dispersion in the presence of NPs. 
The synthesis of AuNPs on TWEEN-functionalized GO 
afforded the Au nanocomposites, which showed a remarkable 
catalytic performance for hydrazine oxidation [78]. A good 
dispersion of Pt–Au nanoparticles on graphene was prepared 
by EG reduction [79]. The composites were used as an anode 
for DFAFCs showing high performance in comparison with 
that of Pt/graphene. Binary Pt–Co-alloyed nanoparticles 
could be conveniently immobilized onto graphene by a simul-
taneous reduction of the mixtures of GO, Pt(IV), and Co(II) 
ions in ethylene glycol and followed by annealing in H2 at 
300°C [80]. The composite catalyst of Pt–Co/G thus obtained 
displayed promising electrocatalytic performance for oxygen 
reduction conducted on acidic electrolytes. The Pt–Co/G cata-
lytic performance in fuel cells was optimized by reducing the 
Pt-Co size. Uniformity of CuPt nanoparticles on ionic-liquid/
graphene for catalyzing methanol oxidation was reported [81]. 
Referenced to carbon blacks, the hybrid composite showed an 
enhancement in electrocatalytic activity for the oxidation of 
methanol. The increase in conductivity by graphene/ionic liq-
uid was explained. Hence, a promising low-Pt content catalyst 
for DMFC could be potentially developed. For Fe3O4 nanopar-
ticles with magnetic property, the GO–Fe3O4 composites with 
hydrophilic moieties were prepared [82] and used for immo-
bilization of proteins. The water-dispersible rGO–Fe3O4 com-
posites had the characters of high surface area for enriching 
peptides. A binary graphene–Fe3O4 hybrid [83] was prepared 

and evaluated for the adsorption performances of removing 
organic dyes. The presence of magnetic Fe3O4 nanoparticles 
facilitated the separation and regeneration of the hybrid mate-
rials in wastewater treatments. The fabrication of Fe3O4/rGO 
[84] nanocomposite by a sonochemical method produced the 
NP of 30–40 nm in diameter, which uniformly dispersed on 
the graphene surface. The Fe3O4/RGO was immobilized and 
used as a biosensor for detecting H2O2. The composite of Ni@
GSs–C(CH3)2COONa [85] was prepared for the purpose of 
absorbing aromatic compounds from waste water. For the 
possible replacement of Pt catalyst by Pd due to the advantage 
of high resistance to CO poisoning in fuel cells, the graphene-
supported Pd was prepared [86]. The preparation involved the 
uses of Pd salt precursor in water without any extra reducing 
agent or stabilizer. Compared to the conventional Pd/C elec-
trocatalyst, the Pd/graphene hybrid showed an enhancement 
of electrocatalytic activity for formic acid electro-oxidation in 
DFAFCs. More importantly, the hybrid displayed an improved 
durability, which is the important bottleneck to be overcome 
in formic acid electro-oxidation.

33.3.3 aGnp/Grpahene hyBrids and appLications

The hybrids of AgNPs on graphene are considered to have 
many potential applications in optics, electronics, catalysis, 
and electrochemistry [87–89]. The synthesis of AgNP/GO 
and AgNP-reduced graphene oxide (rGO) composites was 
reported [90]. The stable aqueous dispersion of rGOs in the 
presence of aniline was prepared and compounding AgNPs 
by in situ reduction from silver salts. The hybrid composite 
was fabricated into devices that allowed the detection of H2O2 

TABLE 33.2
Graphene Hybridization with Nanoparticles

Particle Type Graphene Type Method or Process Application References

Au GO; rGO π–π interaction SERS [77]
Au GO TWEEN 20 surfactant Hydrazine detection [78]
Au, Pt GO EG DFAFC [79]
Co, Pt GO EG/microwave-assisted Fuel cells via oxygen reduction [80]
Cu, Pt Ionic liquid/graphene NaBH4 DMFC [81]
Fe3O4 GO EN, EG Biomolecule immobilization, enrichment, and separation [82]
Fe3O4 GO DEG, EG Adsorbent of organic dyes [83]
Fe3O4 GO Sonochemical reduction Biosensor detecting H2O2 [84]
Ni Ni/graphene Methanol Sorbent for aromatics [85]
Pd GO Graphene (Na2PdCl4) DFAFCs [86]
Ag GO Aniline (AgNO3) Enzymeless hydrogen peroxide detection [90]
Ag rGO scCO2 Antibacterial [91]
Ag GO H2O2 detection [92]
Ag GO PDDA Antibacterial activity [93]
Ag GO Sodium citrate Antibacterial activity [94]
Ag GO Hydrazine hydrate High capacitance electrode [95]
Pt Graphene PDDA DSSC [96]
Pt rGO Pulsed laser deposition DSSC [97]
Pt rGO NaBH4 DSSC [98]
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without using enzyme in the electrode. In another application, 
the hybrid of AgNPs decorated on rGO sheets by supercriti-
cal CO2 was synthesized [91]. The composites were demon-
strated to have the antibacterial activity against B. cereus, L. 
anguillarum, E. coli, and S. aureus bacteria. The hydrother-
mal treatment of AgNO3 and preformed GO solution in strong 
alkaline conditions were effective for preparing AgNPs–rGO 
nanocomposites [92]. Similar to the above synthetic methods, 
Ag on graphene and the modified GO were generated and sta-
bilized by different reducing agents and stabilizers [93–95]. 
In general, the size of AgNPs at 20 nm diameter was pro-
duced by mild reducing agents and further demonstrated their 
biomedical uses.

33.3.4 ptnp/Grpahene hyBrids and appLications

In general, Pt has been applied in a number of technological 
areas including chemical sensors and biosensors, as catalysts 
for reducing pollutants and converting methane to hydro-
gen and electrocatalysts in DSSCs. Platinum nanoparticle/
multi-wall carbon nanotube (PtNP/MWCNT) hybrids as the 
counter electrodes have been prepared [96,97]. The Pt/gra-
phene composites were synthesized and used to replace the 
conventional sputtered Pt in DSSC [65,99]. In the example 
shown in Figure 33.7, the hybrid film of PtNPs and graphene 
nanoplatelets showed a transparency of 70% at 550 nm, indi-
cating its suitability as a CE material for a rear-illuminated 
DSSC. The DSSC with the CE having the film of PtNP/GN 
exhibited power conversion efficiency (η) of 8.00%, superior 
to 7.14% of the DSSC with a conventional sputtered platinum 
(s-Pt) CE [65]. Furthermore, the effect of Pt loading on the PV 
performance of the DSSCs was evaluated [98]. The PtNPs on 
graphene using a pulsed laser ablation method resulted in an 
increase of DSSC efficiency [99].

33.4 CONCLUSIONS

Dispersion of sp2 carbon materials, graphene, and CNT, in 
aqueous or organic medium is an important process for uti-
lizing nanomaterials in various downstream applications. 
The performance of adding CNT and 2D platelet-like gra-
phene as the nanoscale fillers to nanocomposites relies on 
the step of homogeneously dispersing the primary structure 
of nanomaterials. Their surface modifications by covalent 
bonding to organics or non-covalent π–π interaction are 
two effective methods for dispersing nanomaterials. The 
choices of using polymeric dispersants with organic func-
tionalities and π-surface aromatic groups were found to be 
effective for interrupting the pristine carbon π–π stacking 
aggregation. This non-covalent bonding dispersion method 
is favored because of its mild interruption of the graphene 
material surface. Furthermore, the Ag and Pt nanoparticles 
on graphene platelets were synthesized, characterized, and 
used for various uses. The diversified applications of these 
hybrid materials include antimicrobial and catalysts for 
DSSCs.
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34 Magnetocaloric Effect of Graphenes

M. S. Reis and L. S. Paixão

ABSTRACT

Magnetocaloric effect (MCE) is an interesting property of 
materials, that are able to expel/absorb heat from a thermal 
reservoir, under a magnetic field change (considering an iso-
thermal process), or even increase/decrease their temperature 
(considering an adiabatic process). These effects are maxi-
mum around the critical temperature of the material and 
therefore ferromagnetic materials are, by far, the most and 
intensively studied material by the scientific community. For 
this reason, diamagnetic materials have never been studied in 
this context, until the present effort, and a number of inter-
esting features, with quantum signatures, were discovered.
The fundamental model to describe a diamagnetic material is 
an electron gas, and a huge applied magnetic field promotes 
degeneracy, named Landau levels. Oscillations on the ther-
modynamic quantities are found when the Landau levels cross 
the Fermi level of the nonperturbed gas at a low-temperature 
regime. This contribution therefore starts presenting an oscil-
latory behavior found in the MCE of diamagnetic materials, 
which can be tuned as either inverse or normal, depending 
on the value of the magnetic field change. These results open 
doors for applications at quite low temperatures. The MCE 
of non-relativistic diamagnetic materials mentioned above 
has an oscillatory character and this effect occurs at low tem-
perature (~1 K) and high magnetic field (~10 T). A step for-
ward was to consider the relativistic properties of graphenes, 
a two-dimensional massless diamagnetic material, and those 

oscillations could be preserved and the effect occurs at a much 
higher temperature (~100 K) due to the huge Fermi velocity 
(106 m/s).

34.1 THE MAGNETOCALORIC EFFECT

The magnetocaloric effect (MCE), discovered in 1881 by 
Warburg [1], is an exciting property, intrinsic to magnetic 
materials. This effect is induced via coupling of the magnetic 
sublattice with the magnetic field, which alters the magnetic 
part of the total entropy due to a corresponding change of the 
magnetic field. We can see the effect from either an adiabatic 
or an isothermal process. The material is able to increase/
decrease its temperature under an adiabatic process; or even 
expel/absorb heat from a thermal reservoir under an isother-
mal process, as a consequence of changes in the magnetic 
field. Figure 34.1 illustrates these processes.

From a quantitative point of view, the MCE is measured 
through the magnetic entropy change ΔS = ΔQ/T, where ΔQ 
is the amount of heat exchanged between the thermal reser-
voir and the magnetic material, when the isothermal process 
is considered. Analogously, the adiabatic temperature change 
ΔT characterizes the effect when the adiabatic process is con-
sidered. These quantities follow from the entropy when it is 
expressed as a function of temperature and field, S = S(T, B). 
Figure 34.2 shows the change in entropy due to a magnetic 
field, and illustrates how we can obtain the quantities that 
characterize the MCE, that is, the magnetocaloric potentials.
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It is straightforward, the idea, to produce a thermo-magnetic 
cycle based on the isothermal and/or adiabatic processes (like 
Brayton and Ericsson cycles). Figure 34.3 presents the Ericsson 
cycle: it is composed of two isothermal processes and two iso-
field processes. Indeed, the idea of magnetic refrigeration began 
in the late 1920s, when cooling via adiabatic demagnetization 

was proposed by Debye [2] and Giauque [3]. The process was 
later demonstrated by Giauque and MacDougall, in 1933; 
where they reached 250 mK [4]. The main point to the scien-
tific community is: which kind of material optimizes the MCE, 
to then be used into devices? To find an answer to this question, 
a brief review on thermodynamics is needed; as given below.
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FIGURE 34.2 Numerical entropy for a localized ferromagnetic system of angular momenta j = 1. The reduced magnetic field is b0 = μBB/
kBTc. We can see the entropy change of an isothermal process as well as the temperature change of an adiabatic process. (Reprinted from 
Fundamentals of Magnetism, M. S. Reis, Copyright 2013, with permission from Elsevier.)
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Fundamentals of Magnetism, M. S. Reis, Copyright 2013, with permission from Elsevier.)
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34.1.1 maGnetic entropy chanGe

We may relate the entropy change and the magnetization of 
the system using the following Maxwell relation:
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(34.1)

After integration, the above equation reads as
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Thus, one way to obtain the magnetic entropy change is via 
measurement of magnetization as a function of temperature 
and magnetic field, that is, M(T, B).

There is another way to obtain the magnetic entropy 
change: from specific heat, which is defined by the expression
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After a simple integration, the above equation leads to
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(34.4)

where C0 = CB = 0.
From Equation 34.2, we see that the entropy change is a 

maximum when ∂M/∂T is maximum, that is, near a ferromag-
netic ordering. We can also reach the same conclusion inspect-
ing Figure 34.4, which presents the magnetic entropy change for 
the ferromagnetic material PrNi2Co3 [5]. The referred material 

has Tc ≈ 540 K. Therefore, ferromagnetic materials are, by far, 
the most and intensively studied materials by the scientific com-
munity [6] due to the high potential for application into devices. 
Materials with other kind of ordering, like ferrimagnets and 
antiferromagnets, have already been largely studied.

34.1.2 adiaBatic temperature chanGe

Entropy is a function of temperature T and magnetic field B

 S S T B= ( , ),  (34.5)

and then
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The adiabatic condition means dS = 0, and therefore, con-
sidering the definition of specific heat on Equation 34.3 and 
the Maxwell relation on Equation 34.1, Equation 34.6 reads as
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Finally, the adiabatic temperature change is
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Thus, in conclusion, to obtain the adiabatic temperature 
change, we need to measure M(T, B) and C(T, B). However, 

1.00
0.95 1.151.101.051.00

1.02

1.04

1.06

1.08

1.10

1.12

T/(Tc)

S 
(k

B)

b0 = 6.7 × 10−5

b0 = 0

FIGURE 34.3 Ericsson cycle for the MCE. The reduced magnetic 
field is b0 = μBB/kBTc. This cycle is one of the proposals for magnetic 
refrigeration. (Reprinted from Fundamentals of Magnetism, M. S. 
Reis, Copyright 2013, with permission from Elsevier.)
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ferromagnetic material: PrNi2Co3. (Reprinted from Fundamentals 
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Elsevier.)
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there is another way to measure this quantity, that is, apply-
ing a magnetic field to the sample (adiabatically) and directly 
measuring the corresponding temperature change.

34.2  WHY STUDY MAGNETOCALORIC EFFECT 
OF GRAPHENES?

Owing to the large deal of attention driven to materials with 
long range ordering, MCE on diamagnets have been first stud-
ied very recently and it showed interesting properties [7–10]. 
The simplest model that describes diamagnetic materials is 
an electron gas; when a magnetic field is applied to this gas, 
highly degenerated levels (Landau levels) appear. Since the 
separation of these levels depend on the applied field, the 
Fermi energy jumps from the nth to the (n − 1)th Landau level. 
Thus, since thermodynamic quantities depend on the Fermi 
energy, this mechanism produces the well-known magnetic 
oscillations. Figure 34.5 illustrates the crossing of Landau 
levels through the Fermi level. It is known that graphene pres-
ents oscillations on electrical conductivity [11] (Shubnikov–
de Haas effect), and oscillations on magnetization [12] (de 
Haas–van Alphen effect), both effects caused by the jumps of 
the Fermi level. Therefore, it is natural to expect the oscilla-
tory behavior to be observed in other quantities, like entropy 
and, consequently, the MCE.

The exotic electronic properties of graphenes are quite dif-
ferent from standard 3D diamagnetic materials. While for a 
nonrelativistic 3D diamagnetic material the Landau levels are 
given by a harmonic oscillator [6]:
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for a 2D Dirac-like system the levels are given by [13]

 
E j eBvj F= ′ ′ =� � �ω ω with 2 2 ,

 
(34.10)

where i, j  = 0, 1, 2, … and vF = 106 m/s stands for the Fermi 
velocity (300 times smaller than the speed of light). Note that 
the Landau levels for a nonrelativistic material are equally 
spaced, whereas for graphene it is not true. The reason for the 
difference in the behavior is that in the former case electrons 
obey the classical parabolic dispersion relation, while in the 
latter they follow the relativistic linear dispersion relation that 
comes from Dirac equation.

Therefore, in this chapter, we aim to connect the oscilla-
tions found in thermodynamic quantities of graphene with its 
magnetocaloric properties. We start the analysis with stan-
dard nonrelativistic materials and then change to the relativis-
tic case to describe graphenes.

34.3  MAGNETIC ENTROPY OF 
NONRELATIVISTIC DIAMAGNETS

34.3.1 Grand potentiaL

In this section, we briefly review some concepts regarding 
thermodynamics of electron gas that will be used later on. 
To discuss the MCE, we must know the entropy of the system
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which can be obtained from the grand potential
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where z = eβμ is the fugacity, and g(ε) the one-particle den-
sity of states. We considered an electron gas under an applied 
magnetic field following the conditions of low temperature, 
εF ≫ kBT, and a magnetic energy μBB from kBT up to εF.
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FIGURE 34.5 Electron gas under a magnetic field illustrating the crossing of Landau levels through the Fremi level, mechanism that 
causes oscillations on thermodynamic quantities. (Reprinted from Fundamentals of Magnetism, M. S. Reis, Copyright 2013, with permis-
sion from Elsevier.)
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34.3.2  three-dimensionaL nonreLativistic 
diamaGnets

The density of states is given by [14]
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See appendix for details about the procedure to obtain this 
result. From Equations 34.12 and 34.13, one easily notes that 
there are two contributions to the grand potential; one that 
does not depend on the magnetic field B and the other that 
does, that is,

 Φ Φ Φ( , ) ( ) ( , ).T B T T BB= +0  (34.14)

Thus, the total entropy of the electron gas can be written as

 S T B S T S T BB( , ) ( ) ( , ).= +0  (34.15)

The first term is the well-known entropy of a free elec-
tron gas without applied magnetic field, in which, within the 
regime of low temperature, kBT ≪ εF, reads as
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where t = kBT/εF. Let us now evaluate the second term that 
corresponds to the magnetic part of the entropy. After integra-
tion of Equation 34.12 by parts (twice), we achieve
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where
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and
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At low temperature, kBT ≪ εF, the chemical potential 
approaches the Fermi energy, and therefore z e≈ βεF � 1. With 
this condition, Equation 34.17 resumes as
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has a non-oscillatory character and
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has an oscillating behavior. In addition,
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Summarizing, the grand potential (Equation 34.14) has 
two contributions: one that depends on B and the other that 
does not. The first one also has two contributions (Equation 
34.20): one that depends on B as a power law (Equation 34.21), 
and the other that oscillates depending on the magnetic field 
(Equation 34.22).

From Equation 34.20, we see that the field-dependent 
entropy resumes as
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where
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(34.25)

and L(x) is the Langevin function

 
L x x

x
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Note that only T ( )x  contains information on the tempera-
ture; and the period of oscillation depends only on the mag-
netic field, and not on the temperature.

The hyperbolic sine in the denominator of the function 
T ( )x , dampens the entropy. If the thermal energy is large com-
pared to magnetic energy kBT ≫ μBB, the entropy becomes 
very small. On the other hand, if k T BB B� µ , only the term 
l = 1 contributes notably to the summation. Therefore, we can 
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drop out the summation and express the entropy in terms of 
dimensionless variables; it reads as
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where
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In addition, it is convenient to rewrite Equation 34.23 as
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34.3.3 two-dimensionaL nonreLativistic diamaGnets

In two dimensions, the density of states of an electron gas 
reads (see Appendix 34A for further details)

 g g gB( ) ( ),ε ε= +0  (34.30)
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is the zero-field density of state (with no spin degeneracy), 
and
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From the density of states, it is easy again to see that the 
entropy can be written as a sum of two terms, as in Equation 
34.15; one depends only on temperature and the other depends 
on both, temperature and magnetic field.

Let us now evaluate the field dependent part of the entropy, 
which we obtain from the grand potential using the density of 
states (34.32)

 

ΦB B

l

l

B

T B k T g
l

B
ze d( , ) ( ) cos ln .= − −







+( )
=

∞
−

∞

∑∫ 2 1 10

10

π
µ

ε εβε

 
(34.33)

Analogou sly to before, after integration by parts (twice), 
we achieve
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Above, the condition εF ≫ kBT implies μ ~ εF, and there-
fore z ≫ 1. As a consequence, G2D(∞), G2D(0) and G2 ( )D ∞  are 
zero; and
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Thus, the grand potential reveals two contributions
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has a non-oscillatory character and
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has an oscillating behavior. Above, x is the same as in Equation 
34.23. From Equation 34.40, we can easily see that the non-
oscillatory entropy is null. Therefore, the magnetic entropy is
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Above
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is the number of electrons that fulfill the gas states up to the 
Fermi energy in the absence of magnetic field.

Following the same logic employed to 3D electron gases, 
we can drop the summation of the entropy and write
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Equation 34.23 can be rewritten as

 x tm= π2 .  (34.46)

34.4  MAGNETOCALORIC POTENTIALS OF 
NONRELATIVISTIC DIAMAGNETS

34.4.1 three-dimensionaL diamaGnets

From now on, we will investigate the magnetocaloric proper-
ties of some nonrelativistic systems, starting with a 3D dia-
magnetic material. The standard model for a diamagnetic 
material is an electron gas; for this reason, this topic was 
discussed in the last section, and we will apply those results 
below.

In an isothermal process, we define the entropy change 
under application of a field B as

 ∆ ∆S T B S T B S T( , ) ( , ) ( , ).= − 0  (34.47)

As we verified in the last section, the entropy is expressed 
as a sum of a nonmagnetic term and an oscillating magnetic 
one. Consequently, the entropy change becomes

 

∆ ∆S T B S T S T B S T S T

S T B

B
o

B
o

B
o

( , ) [ ( ) ( , )] [ ( ) ( , )]

( , ),

= + − +

=

0 0 0

 
(34.48)

since S TB
o ( , )0 0= . Thus, the magnetic entropy change is 

given by Equation 34.27:

 

∆S

N k n
n x

B

= −
+







3
2

1
1 4

3 2

/

/

cos( ) ( ).π T
 

(34.49)

Note that the amplitude of the entropy change can be max-
imized and minimized by the cosine function. Thus, we can 
consider the condition

 cos( ) ,nπ = ±1  (34.50)

and then an interesting result arises: n even and zero implies 
in a negative (and minimized) ΔS; n odd implies in a positive 
(and maximized) ΔS; and, finally, a half-integer makes zero 
the magnetic entropy change (and then the magnetocaloric 

potential of the material). The thermal dependence of the 
entropy change is ruled by the function T ( )x , and that func-
tion peaks at x = 1.6. Therefore, the temperature at which the 
entropy change is maximum lies at

 T K B Tmax[ ] . [ ].= 0 1  (34.51)

Let us consider a piece of gold as an example, whose Fermi 
energy is 5.51 eV. Consider n = 0 implies, thus, in B = 380 kT, 
which is absolutely out of the laboratory range; and, analo-
gously, n = 104 implies in B = 10 T. Following this example, 
note that Figure 34.6 presents the magnetic entropy change as 
a function of the dimensionless temperature t. The scale of t is 
of the order of 10−5 and then, considering Au, the temperature 
is of the order of 1 K. Thus, for Au, this effect is comfortably 
visible at 10 T and 1 K. In addition, as mentioned above, the 
magnetic entropy change can change its sign depending on the 
value of n, and this behavior can also be seen in Figure 34.6.

The entropy change as a function of the reciprocal mag-
netic field is depicted in Figure 34.7. The effect is maximized 
around t = 10−5 (see Figure 34.6); for Au it happens around 1 
Kelvin as mentioned above. Note that the oscillatory behavior 
of this quantity is maximized for n odd, zero for n half-inte-
ger, and minimized for n even. The modulation presented is 
given by Equation 34.49 without the cosine.

The MCE is due to a magnetic field change ΔB:0 → B(n). 
The final value of the magnetic field B(n) can tune the sign of 
ΔS; and the change of the magnetic field change that is able to 
do this inversion is (for n ≫ 1)
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Again for Au, note that around 10 T of magnetic field 
change, an increase of the final value of magnetic field in 10−3 
T is enough to invert the magnetic entropy change. In other 
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FIGURE 34.6 Magnetic entropy change for a 3D system as a func-
tion of t  = kBT/εF. (Reprinted with permission from M. S. Reis, Appl. 
Phys. Lett., vol. 99, p. 052511. Copyright 2011, American Institute 
of Physics.)
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words, this effect is sensible to a magnetic field 10,000 times 
smaller than the applied one.

Owing to its interesting properties this thermal system 
opens doors for some applications. It is possible to work as a 
high sensible magnetic field sensor, with a huge magnetic field 
on the background.

The magnetocaloric potential of the system discussed here 
is indeed smaller when compared to standard ferromagnetic 
materials [15]. However, those oscillations can be useful if 
improved in terms of the magnetocaloric potential; specially 
for magnetic cooling at quite low temperatures, since the sign 
of the magnetic entropy change can be ruled by the final value 
of the applied magnetic field. This effect can indeed be used, 
if improved, in adiabatic demagnetization refrigerators.

Contrary to what was discussed until now, let us focus on 
an adiabatic process. In such a process, the system changes 
its temperature from T0 to TB under application of a magnetic 
field B. The condition is imposed considering that the entropy 
of the system at T0 and zero field is the same of the system 
at TB and under an applied magnetic field B. Thus, from the 
adiabatic condition

 S T S T BB( , ) ( , ),0 0 =  (34.53)

we obtain the adiabatic temperature change

 ∆T T TB= − 0.  (34.54)

From Equations 34.16, 34.27, and the adiabatic condition 
stated above, we obtain
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where t0 = t(T0), tB = t(TB), and xB = x(tB). This condition gives 
a relationship between T0 and TB; and then it is possible to 

write the adiabatic temperature change. However, the function 
T0(TB) from Equation 34.55 is not simple and an approxima-
tion is needed. As we are already considering t ≪ 1, we can 
consider x ≪ 1 (see Equation 34.29). We only need to ensure 
that n ranges from unity up to the order of 1/t. Following this 
condition, Equation 34.25 resumes as
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Now we can write our final result from Equation 34.55
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Note that if n n+ =1 4/ cos( )π , the adiabatic temperature 
change diverges; and it occurs for n = 1/4, that corresponds to 
B = 2εF/μB, that no longer fulfill the condition stated above, 
in which the magnetic field must be up to the order of the 
Fermi energy. On the other hand, for n ≫ 1, Equation 34.57 
resumes as
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Thus, for n even, the adiabatic temperature change is 
positive, that is, TB > T0, and the system warms up due to an 
applied magnetic field. On the other hand, for n odd, TB < T0 
and the system cools down due to an applied magnetic field. 
Of course, for half-integer values of n, the adiabatic tempera-
ture change is zero.

Figure 34.8 presents the oscillatory behavior found for the 
adiabatic temperature change ΔT in Equation 34.57, as well as 
the approximation for large values of n, Equation 34.58. This 
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FIGURE 34.8 Reduced adiabatic temperature change ΔT/T0 for a 
3D system as a function of n (proportional to the reciprocal mag-
netic field 1/B). (Reprinted from Solid State Commun., 152, M. S. 
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figure also contains the modulation of the oscillations found, 
obtained from Equation 34.57 considering the cosines equal 
to one.

Let us once again use gold as a real example to illustrate 
the effect. In this sense, Figure 34.9 presents the prediction of 
this effect at T0 = 2.56 K and around 8.5 T of magnetic field 
change. Note, therefore, that this effect is comfortably visible 
within that range of magnetic field and temperature, reason-
able for standard laboratories. The value chosen for the initial 
temperature T0 corresponds to t = 4 × 10−5, and is a tempera-
ture range in which we can work easier.

Considering Figure 34.9, it is possible to see that Gold 
produces |ΔT(B(n = 11182)) − ΔT(B(n = 11183))| = 50 mK of 
change of the adiabatic temperature change (around 2.56 K), 
due to |B(n = 11182) − B(n = 11183)| = 0.8 mT of change of 
the magnetic field change (with a huge magnetic field on the 
background). This temperature change is easily measured 
with a cernox-like sensor, since its accuracy is around 5 mK 
for this range of temperature.

34.4.2 two-dimensionaL diamaGnets

The realization of a diamagnetic material in two dimensions 
is a thin film, whose magnetocaloric properties will be dis-
cussed below. As we know from the beginning of the present 
section, the entropy change caused by a field change ΔB:0 → B 
is simply the magnetic entropy at the final field

 ∆ ∆S T B S T BB
o( , ) ( , ).=  (34.59)

Thus, the entropy change, per electron, for a 2D diamag-
netic material is given by Equation 34.44

 

∆S

N k m
m x

B

= − 2
cos( ) ( ).π T

 
(34.60)

Let us consider a Gold thin film, with Fermi energy 
εF = 3.62 eV. From Equation 34.45, it is possible to see that 
B(m = 1) = 6.2522 × 104 T, and therefore completely out of a 
laboratory range. On the other hand, B(m = 104) = 6.2522 T, 
and therefore this is the order of magnitude of m we must 
consider. Note that the magnetic field change needed to 
invert the magnetic entropy change (from normal/negative 
to inverse/positive) is B(m = 104 + 1) − B(m = 104) = 0.7 mT. 
The  temperature dependence of the entropy change lies on 
the T ( )x  function, similarly to the 3D system. This function 
peaks at x = π2tm = 1.6, and therefore, considering m = 104, 
the maximum magnetic entropy change occurs at T = 0.7 K.

The dependence of the magnetic entropy change as a func-
tion of m is presented in Figure 34.10 for the temperature that 
maximizes this effect (considering m = 104), that is, 0.7 K. It 
has an oscillating behavior due to cosine on Equation 34.60, 
and the envelope of these oscillations comes from the same 
equation without the cosine function.

34.5  MAGNETIC ENTROPY OF RELATIVISTIC 
DIAMAGNETS: GRAPHENES

Unlike the systems we studied before, in graphene, electrons 
behave like relativistic particles with zero rest mass and have 
an effective “speed of light” equal to Fermi velocity [11]. 
Thus, dynamics of electrons in graphene is described by 
Dirac equation. Single particle Dirac Hamiltonian is

 HD Fv= ⋅
� �
α Π,  (34.61)

where 
�
α is the Pauli matrix vector and 

�
Π  is the momentum of 
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FIGURE 34.9 Adiabatic temperature change as function of the 
applied magnetic field. This example is for 3D Gold (εF = 5.51 eV), 
under accessible temperature and magnetic field ranges. (Reprinted 
from Solid State Commun., 152, M. S. Reis. 921, Copyright  2012, 
with permission from Elsevier.)
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the particle. The eigenvalues are

 
ε j Fj j eBv= sgn( ) | | ,2 �

 
(34.62)

where j is the Landau level index. Degeneracy of Landau lev-
els per graphene area is

 
�

�
g

eB= 2
π

,
 

(34.63)

which is independent of the level. We are already taking into 
account a factor of 4 corresponding to spin and sublattice 
degeneracies [16].

To obtain the grand potential, we follow the same pro-
cedure of Zhang et  al. [17]. They studied the de Haas–van 
Alphen effect in graphene in the presence of an additional 
electric field, orthogonal to the magnetic field. The first step 
is to obtain the total energy of the 2D gas of Dirac electrons, 
summing the energies of the Landau levels

 

E g g
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g
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N g
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[ / ]

mod .

�

� �
�

ε µ
 

(34.64)

Above µ π0 0= �v NF  is the zero temperature and field 
chemical potential, that is, the Fermi energy; and N0 = 1016 m−2 
is the density of charge carriers [18]. In addition, the first term 
counts the energy of the completely occupied Landau levels, 
and the second one counts the energy of the highest level, par-
tially occupied. Here, the notation [z] means integer part of, 
that is, the largest integer satisfying [z] ≤ z, and mod[z] stands 
for the fractional part, that is, z = [z] + mod[z]. From the above 
energy, we write it as a sum of a non-oscillating term plus an 
oscillating one

 E E Eno o= + .  (34.65)

where
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and
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Above J1 is the integral
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and

 
′ =m N

B
0

0φ
,
 

(34.69)

where φ π0
15 22 06 10= = × −�/ Tme .  is the magnetic flux 

quantum.
The next step is to evaluate the grand potential from the 

total energy above. According to the procedure reported by 
Sharapov et al. [12], the grand potential of electrons in gra-
phene can be obtained evaluating

 

Φ( , ) = ( ) ( )0 0 0T B P E dT µ µ µ µ−
−∞

∞

∫ ,

 
(34.70)

where the distribution function PT(z) takes into account the 
effect of temperature
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(34.71)

At low temperatures, we obtain for the grand potential a 
non-oscillatory term that depends only on the field and an 
oscillating term dependent on temperature and field. The non-
oscillatory part of the grand potential is
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(34.72)

To obtain the oscillatory part of the grand potential, it is 
convenient to use the complex form of Equation 34.68 and 
perform the integration in the complex plane. After that we 
find
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(34.73)

where

 y tm= ′2 2π .  (34.74)

Since the non-oscillatory term does not depend on the tem-
perature, it follows that the non-oscillatory entropy is null. 
Therefore, the magnetic entropy reads as

 

S T B N k
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(34.75)

Note that the temperature dependence of the oscillat-
ing contribution to the magnetic entropy, which is given by 
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Equation 34.25, is found to be the same for both 3D and 2D 
nonrelativistic systems. As we argued before, the hyperbolic 
sine in the denominator of the function T ( )y  dampens all 
terms of the summation for l ≥ 2. Thus, the magnetic entropy 
per electron reads as

 

S T B

N k m
m yB

o

B

( , )
cos( ) ( ).

0

2=
′

′π T
 

(34.76)

34.6  MAGNETOCALORIC POTENTIAL 
OF GRAPHENE

From the result of the previous section, it is easy to 

see that S TB
o ( , )0 0= . Therefore, the entropy change, 

∆ ∆S T B S T BB
o( , ) ( , )= , is

 

∆S

N k m
m y

B0

2=
′

′cos( ) ( ).π T
 

(34.77)

The oscillating MCE for graphenes is presented as a 
function of m′ in Figure 34.11. The change of magnetic field 
change required to invert the MCE (from normal to inverse) 
for a graphene (ca. 3.4 T) is much higher than the 3D nonrela-
tivistic case (ca. 1 mT); therefore, it would be easier to verify 
the effect. In addition, the oscillation is rapidly smashed by 
the hyperbolic sine in the denominator of the function T ( )y  
in Equation 34.77.

Figure 34.12 presents the entropy change as a function 
of temperature for some values of m′, that is, some values of 
magnetic field. Note that odd (even) values of m′ minimize 
(maximize) the magnetic entropy change. The temperature of 
the maximum entropy change, given by the function T ( )y , is

 T K B Tmax[ ] . [ ].= 5 3  (34.78)

If we consider m′ = 3, the corresponding magnetic field 
is B = 6.9 T. Therefore, the temperature of the maximum 
entropy change is 36.6 K, quite comfortable to work with. For 
m′ = 1, the temperature of maximum entropy change is even 
higher, T = 109.3 K; the temperature at which Figure 34.11 
was plotted.

34.7 CONCLUSIONS

The community studying the MCE sums efforts for applica-
tions considering only materials with cooperative orderings, 
like ferro-, antiferro-, and even ferrimagnetic materials. An 
interesting system with a high possibility of applications was 
recently presented, considering 3D [7,8] and 2D [10] stan-
dard nonrelativistic diamagnetic materials, like Gold. Their 
oscillating MCE is shown to work at low temperatures (ca. 
1 K) considering feasible values of magnetic field change. To 
increase interest on this effect, the oscillating MCE of a 2D 
massless Dirac-like system, graphene, was explored [9]. It 
was shown that the temperature in which this effect appears 
is quite comfortable (ca. 37 K), due to the relativistic proper-
ties of the electrons in this material. In addition, the change of 
magnetic field change required to invert the MCE from normal 
to inverse is ca. 1 mT for 3D nonrelativistic material (useful for 
application in high sensible magnetic field sensor at low tem-
peratures), and ca. 3.4 T for graphene. Table 34.1 summarizes 
some aspects of MCE of 3D and 2D diamagnets and compare 
with graphene. We see the applied magnetic field and the tem-
perature of maximum entropy change for that field. Data were 
extracted from figures and examples discussed.

Equations 34.27, 34.44, and 34.76 suggest that the mag-
netic entropy has a general form that scales with the dimen-
sion d of the system as follows:

 B B T Bd / cos( ) ( ),2 1/ /T  (34.79)
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(Reprinted with permission from M. S. Reis, Appl. Phys. Lett., 101, 
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irrespective of being a relativistic material by nature (gra-
phene) or not. This general magnetic dependence of the 
entropy is responsible for the unique effects found on mag-
netocaloric properties of 2D and 3D diamagnetic materials. 
However, the order of magnitude of the entropy change is dif-
ferent for each kind of material because of the proportionality 
constants involved. In the case of graphene, the proportion-
ality involves the Fermi velocity, which is quite huge. This 
makes graphene special because MCE can be observed in 
comfortable values of temperature and field.

APPENDIX 34A: DENSITY OF 
STATES OF A TWO-DIMENSIONAL 
NONRELATIVISTIC ELECTRON GAS

We show below the procedure to obtain the density of states; 
we use as a simple example a 2D nonrelativistic electron gas. 
The one-particle density of states follows easier from the 
Laplace transformation of the canonical partition function 

Z B
1 ( )β  in the Boltzmann limit (kBT ≫ εF)
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(34A.1)

where, for noninteracting systems, the following relationship 
between canonical and grand canonical partition functions 
holds

 ln ( , ) ( ).Z T B zZ B= 1 β  (34A.2)

Thus, at this point, we need to obtain the grand partition 
function in the Boltzmann limit

 

ln ( , ) ,Z T B ze
n

n= ∑ −βε

 
(34A.3)

but before, the energy spectrum εn for this model.
The Hamiltonian of the present model, that is, a 2D nonrel-

ativistic electron gas with a transversal magnetic field 
�
B Bk= ˆ, 

can be written as
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(34A.4)

and then the Schrödinger equation reads as
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Above, ky = 2πny/L, where ny = 0, 1, 2, …, is related to the 
translational symmetry along the y axis; and the energy spec-
trum represents the Landau levels, where n is the Landau level 
index. Note that the harmonic oscillator of Equation 34A.5 
has several centers x0 that depend on ny and B. Since these 
centers must be within the considered plane, that is, 0 ≤ x0 ≤ L 

then 0 ≤ ≤n gy � , where �g L eB h= 2 /  is the degeneracy of the 
Landau level n (note that for each n, there are ny possibilities).

Thus, Equation 34A.3 can be rewritten as
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where y = μBBβ. Thus, a simple comparison of Equations 
34A.2 and 34A.7 leads to
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From the above and Equation 34A.1, it is possible to write 
the density of states we are looking for
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that reads as

 g g gB( ) ( ),ε ε= +0  
(34A.10)

where
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is the density of state (with no spin degeneracy), of the non-
perturbed 2D electron gas; and
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TABLE 34.1
Summary of Maximum Entropy Change for a Feasible 
Applied Magnetic Field

3D 2D Graphene
B (T) 10 6 10
Tmax (K) 1 0.7 53
ΔS/NkB 4.6 × 10−7 6.2 × 10−5    0.3

Note: Comparison between data shown in figures and examples.
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35 Mode-Locked of Fiber Laser Employing 
Graphene-Based Saturable Absorber

Pi Ling Huang, Chao-Yung Yeh, Jiang-Jen Lin, Lain-Jong Li, and Wood-Hi Cheng

ABSTRACT

Graphene is the thinnest material in the world with the lowest 
electrical resistance at room temperature among others. It 
is highly transparent and a good conductor. Graphene is not 
only used as new electronic materials but also recognized as 
novel optoelectronic devices, such as solar cells, transparent 
touch screens, and saturable absorber (SA). In this chapter, a 
stable optical pulse generation of graphene-based SA in ultra-
fast fiber laser system is investigated. Two different fabrica-
tion processes of graphene samples are reported, which are 
chemical vapor deposition (CVD) and graphene-mediated SA 
employing different nano-dispersants.

For monolayer graphene grown by CVD, linear and non-
linear optical properties of different stacking of atomic-layers 
graphene-based SA are investigated and compared. Same 
optical properties are also performed on dispersed few layers 

of graphene samples prepared by two different dispersants 
including fluorinated MICA clay and poly(oxyethylene)-
segmented imide (POEM). Pulse duration of mode-locked 
fiber lasers (MLFLs) can be controlled through the modula-
tion depth of SA by optimal selection of the number of layers 
of stacking of monolayer graphene SA.

MLFLs with dispersed few layers of graphene SA reveal 
shortened pulsewidth and enhanced modulation depth as the 
thickness and concentration product (TCP) of dispersed layer-
graphene SAs increases.

35.1 INTRODUCTION

Graphene is the thinnest solid-state material in the world with 
the lowest electrical resistance at room temperature among 
other materials [1]. For a monolayer graphene, the optical 
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transmission is 97.7% and the transport speed is nearly 1/300 
of light. Graphene is not only used as a new electronic mate-
rial such as ultra-high-speed modulator but also recognized as 
a novel optoelectronic device, such as solar cells, transparent 
touch screens, and saturable absorber (SA).

Mode-locked lasers are the important scientific tools with 
wide range of applications, such as optical fiber communica-
tions, ultrafast probing, nonlinear microscopy, optical coher-
ent tomography, and frequency comb generation. Among the 
mode-locking techniques, passively MLFLs have received 
much attention due to their low cost, compact size, and long-
term robustness. A passively mode-locked erbium-doped fiber 
laser (MLEDFL) is able to generate optical pulses in the time 
scale from picosecond (ps) to femtosecond (fs). Passively, 
MLFL is often initiated by nonlinear optical elements termed 
saturable absorber with intensity-dependent response to favor 
optical pulsation over continuous-wave lasing [2]. The SA 
widely used in passively mode-locked laser is semiconduc-
tor saturable absorber mirror (SESAM) or a nonlinear optical 
mirror [3–5]. However, the drawbacks of SESAM are cost-
ineffective, time-consuming fabricated process and can only 
be operated in reflection mode, which is incompatibility to 
optical fiber structure. Recently, single-wall carbon nanotubes 
(SWCNTs) of 1D and graphene of 2D carbon allotrope have 
been noticed due to their large optical nonlinearity and low 
saturation intensity [6–9]. The first passive MLFL based on 
SWCNT SA was reported by S. Y. Set et al. in 2003 [10]. The 
atomic layer graphene as SA for ultrafast-pulsed lasers was 
first demonstrated by Q. Bao et  al. [11]. Subsequent studies 
have indicated that graphene can be an effective alternative 
medium for SA [12–14]. Graphene is a one-atom-thick pla-
nar consisting of a carbon honeycomb sheet of bonded carbon 
atoms [15,16]. It has excellent optical properties, such as high 
transparency with ultra-broad flat spectra, ultrafast relaxation 
time, and the bandgap-limitless saturation absorption because 
of its point bandgap structure. Therefore, graphene can be 
used as fast SA with wide spectral operated range [17–20]. 
The graphene have been used successfully in the laser sys-
tem for generation of fs-scaled pulse [21,22]. In addition, the 
graphene-mediated SA can be fabricated by a simple solution 
coating process, which allows the large-scale and reproduc-
ible production of the material. Unlike the single-wall carbon 
nanotubes, which required proper tube diameter for matching 
to the selected gain wavelength, the point bandgap structure 
allow graphene to operate over a wide spectral range from vis-
ible to mid-IR. Graphene-based SAs have two fast response 
times, τ1 ~ 100 fs due to intraband transition and τ2 ~ 1 ps due 
to interband transition. Due to the finite density of state gra-
phene energy structure, the low saturation of optical absorp-
tion is easily observed.

The remaining part of this chapter is organized as follows. 
Section 35.2 reviews the theory of the all fiber laser system. 
The preparation of graphene SAs, the fabrication methods 
that include CVD and dispersed solution are presented in 
Section 35.3. Section 35.4 describes the experimental results 
in the linear and nonlinear optical absorption of graphene 
SA. Section 35.5 illustrates the performance of the fiber laser 

mode-locking using graphene SA. A brief summary is pro-
vided in Section 35.6.

35.2  ALL FIBER ULTRAFAST LASER: 
THEORETICAL REVIEW

Laser operation can be either in continuous mode or pulse 
mode. Pulse mode of laser are typically classified into long 
pulse (ms to μs), Q-switch pulse (ns), and mode locked pulse 
(ps to fs). Mode-locked laser with pulse duration in the ps to 
fs range are critical for many scientific and industrial applica-
tions, such as materials processing, optical coherence tomog-
raphy, and nonlinear effects, second-harmonic generation, 
and Raman shifting [23]. Since the invention of Ti:sapphire 
solid-state laser in 1992, it is known as the workhorse in the 
field of ultrafast science. Due to its nonresonant Kerr-lens 
mode-locking scheme, the Ti:sapphire laser suffer the draw-
back being not able to self-start operation. Furthermore, the 
Ti:sapphire requires continuous wave (CW) green laser for 
the optical pumping with free space optical propagation reso-
nator geometry constraining its operation only in laboratory 
environment.

A compact and robust design using optical fiber waveguide 
resonator with all fiber optical active and passive components 
to form all fiber ultrafast laser can be a long-term stability 
alternative. In this section, we briefly introduce the basic idea 
of laser mode-locking in Section 35.2.1, then outline some 
methods for the mode locking in Section 35.2.2. In Section 
35.2.3 we discuss the optical nonlinearity of the in-line fiber 
graphene-based SA and examine how they can be integrated 
into a fiber wave-guide resonator in Section 35.2.4. Finally, 
we explain how the generated optical pulse can be further 
shortened from intra-cavity optical elements control to the 
balancing between nonlinear self-phase modulation (SPM) 
and linear group velocity delay (GVD) as in Section 35.2.5.

35.2.1 principLe of mode LockinG

Ultrafast laser are generated by a technique called laser mode-
locking. To construct an ultrafast laser, a pulse-shortening 
device (or mode-locker) is inserted inside a free-running laser 
system. A free-running laser is a typical CW laser including 
three parts, a gain medium, a pumping source, and an optical 
resonator. The gain medium is a material that can amplify 
light passing through it. Pumping source is an excited device 
used to provide laser gain medium with population inversion. 
Optical resonator provides an optical feedback to the gain 
medium. For sustaining laser oscillation, two conditions must 
be satisfied: gain condition and phase condition.

In a laser cavity, the oscillation takes place at the eigen 
modes [24]. The eigen modes include transverse and longitu-
dinal modes. For a single transverse mode, the laser oscilla-
tion phase condition is when the longitudinal modes separated 
by the frequency Δν = c/2nl, where c/n is the speed of light 
in the laser material, l is the optical length of laser resona-
tor. Each of these modes oscillates independently to the oth-
ers if laser is free-running and the phase of the modes are 
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randomly distributed between −π and +π. This phase ran-
domness will cause the laser intensity to fluctuate randomly 
and greatly reduce its usefulness for many applications where 
temporal coherence is important. To create streams of short 
intense pulses, one of the methods is mode-locking, which is 
a technique to control the phases of the longitudinal modes 
that maintains a relative value in the laser cavity. In order to 
mode-lock a laser, it is necessary to create periods of low loss 
in the cavity that synchronize with the 2nl/c round-trip time 
of the cavity.

For the longitudinal modes, the separation of these modes 
frequencies in the laser cavity is given by (for simplicity, the 
index of laser n = 1 is assumed)

 
ω ω π ωq q

c

l
− = ≡−1 ∆

 
(35.1)

However, with laser gain placing inside the cavity, a laser 
oscillation gain condition satisfies only when the unsaturated 
gain is larger than cavity losses, as shown in Figure 35.1.

The total optical electric field of multimode oscillation can 
be expressed as
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where ω0 is the reference frequency and φn is the phase of the 
nth mode [25].

After cavity round trip time TR ≡ 2π/Δω = 2l/c, Equation 
35.2 becomes
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Because ω0/Δω is an integer (ω0 = nπc/l), therefore
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Hence, the property of A(t) depends on the phases φn. As 
mentioned at the beginning of this paragraph, the output 
intensity of a typical cw laser shows a random distribution 
when the phase differences between the modes are random. 
When the phases φn are fixed, the optical electric field A(t) 
shows the periodic property

 A t T A tR( ) ( )+ =  (35.5)
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FIGURE 35.1 (a) Cavity longitudinal modes, (b) net gain profile, and (c) spectrum of multimode laser oscillation overlapped between 
(a) and (b).
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The approach to force the phases φn to be fixed is called 
“mode locking.”

We assume that N oscillation laser modes with equal 
amplitudes En = E0 exist in a laser cavity and the phases φn 
equal to zero. Then, the optical electric field becomes
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The resultant intensity I t A t A t( ) ( ) ( )∝ ∗  can be expressed 
as
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Figure 35.2 shows the theoretical plot of optical intensity 
results in different number (N = 5,10,20) of longitudinal oscil-
lation modes. It can be observed that the peak intensity Ipeak 
increases as the number of modes increases (Ipeak ≈ NICW). 
The pulse width τp also decreases as the number of modes 
increases (τp ≈ TR/N). Because the number of modes is defined 
as the ratio of spectral linewidth of the gain profile and round-
trip frequency spacing, the pulse width and peak intensity will 
be affected by the spectral linewidth and the length of the 
cavity [26].

35.2.2 mode-LockinG techniques

The methods of laser mode-locking can be achieved actively 
and passively. In active scheme, mode locking is performed 
with the aid of an externally driven loss modulator placed 
inside the laser cavity as shown in Figure 35.3a. The modula-
tor is driven at a frequency corresponding to the inverse of 
cavity round-trip time (Δω = 2π/TR, where TR is the cavity 
round-trip time). As shown in Figure 35.3b only during the 
peak of the modulator transmission, the optical gain of the 
amplifier is high enough to overcome the losses in the cavity, 
resulting in positive net gain and optical pulse is generated.

However, the performance of the active mode-locking is 
limited due to three drawbacks: (1) an externally driven mod-
ulator is required, (2) thermal-induced cavity length change 
will cause the mismatch of the modulation frequency to the 
cavity mode spacing, and (3) pulse shortening becomes inef-
fective for very short pulses due to the finite bandwidth of 
modulator and limit the attainable pulse width.

In passive scheme, mode-locking is achieved by using a 
nonlinear optical element with intensity-dependent transmis-
sion to shape the intracavity pulse without external modulator 
as shown in Figure 35.4.

In the stationary state, the self-amplitude modulation 
(SAM) effect of the nonlinear optical element will lead to a 
net loss before and after the optical pulse. For the methods of 
passive mode-locking, it is typically classified as nonresonant 
SAM (e.g., optical Kerr effect) and resonant SAM (e.g., satu-
rable absorber). Even though the optical Kerr-lens effect leads 
to an ideal SAM having a response time less than 1 fs, it suf-
fers the problem of being incapable of self-starting the laser. 
In this study, we focus on the resonant-type SAM using SA to 
overcome the self-starting problem. In addition, the resonant 
type SAM, using graphene-based SA material, not only pro-
vides broad wavelength operation but also favor low mode-
locking threshold operation due to its low saturation intensity.
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FIGURE 35.2 Theoretical plot of optical intensity results from 
longitudinal mode-locking with different mode numbers (N = 5, 
10, 20).
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FIGURE 35.3 Schematic of (a) actively mode-locking laser with 
active modulator, (b) optical pulse formation and net gain in time 
domain.
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35.2.3 Graphene-Based saturaBLe aBsorBer

Graphene is a monolayer of carbon in a two-dimensional 
hexagonal lattice as shown in Figure 35.5a. Many interest-
ing electrical and optical phenomena can be attributed to 
its unique energy band structure, as shown in Figure 35.5b. 
In particular, a zero bandgap appears at the crossing of 

conduction and valence band called Dirac point as shown in 
Figure 35.5c [19].

Single-layer graphene (SLG) exhibits electronic properties 
with a zero mass and move at ultrafast speed described by 
the relativistic Dirac’s equation. From the unique energy band 
structure with reference near Dirac point 

�
K , a dispersion rela-

tion for SLG is linear as

 E k K k KF
± = ± −( , ) | |
� �

�
� �

ν  (35.8)

where 
�
k k kx y= ( , ) is the vector in the first Brillouin zone (BZ) 

and νF is the electronic group velocity (νF ≈ 106 m/s).
The optical transmission of SLG, . %T ≅ − ≈1 97 7πα  with 

α = 1/137 is fine structure constant. The optical absorption of 
SLG, therefore, is estimated to be A  = 1 − T ≈ 2.3%. A nearly 
constant flat absorption profile with a broadband wavelength 
range from UV (~300 nm) to mid-IR (~2500 nm) was also 
experimentally verified. Multilayer structure of graphene can 
be constructed from the stacking of monolayer and typically 
induced bandgap opening.

Based on the knowledge of graphene-based SA response 
time, one can model the SA as either a fast SA (saturation by 
intensity) or a slow SA (saturation by energy).

As illustrated in Figure 35.6, the electrons from the valence 
band are excited to the conduction band when graphene encoun-
ters light absorption. After photoexcitation, the distribution rap-
idly thermalizes and cools to form a hot Fermi–Dirac distribution 
within τ1 ~ 100 fs. Immediately following optical excitation, the 
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FIGURE 35.4 Schematic of (a) passively mode-locking laser with 
fast SA, (b) optical pulse formation and net gain in time domain.
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newly created electron–hole pairs could block some of the origi-
nally possible interband optical transitions around the Fermi 
energy and decrease the absorption of photons. The hot carriers 
are then cooled further due to the intraband phonon scattering 
with a time scale ranged between τ2 ~ 1 ps. Finally, electrons 
and holes recombine until the equilibrium distribution is restored 
[27–32]. These describe only the linear optical transition under 
low excitation intensity. As the light intensity increases to a 
higher level, the photogenerated carriers increase instanta-
neously and fill the energy states near the edge of the conduction 
and valence bands, the absorption is blocked due to the Pauli 
blocking process. Therefore, the additional photons with specific 
wavelength can transmit the graphene without absorption.

An SA is a nonlinear optical component in which the trans-
mission increases as the incident light intensity increases. In 
this study, a two-level electronics model is used to describe the 
mechanism. At low incident light intensity, the transmission 
obeys the linear Beer–Lambert law and the absorption coef-
ficient is independent of light intensity. With higher incident 
light intensity, electrons in the ground state are transferred to 
excited state and become saturated. Equally populated elec-
trons in the excited and ground state make the SA transparent 
results in minimum absorption.

Since the response time of the graphene-based SA is fast, 
the saturation is intensity saturation instead of energy satura-
tion, and therefore the nonlinear absorption coefficient can be 
expressed as
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where α0 = σN is the linear absorption coefficient, αns is 
the nonsaturable absorption coefficient, I(t) is the intensity 

incident on the absorbing medium, and Is l rex= �ω στ  is the 
saturation intensity of the absorber. The σ, N, ωl, and τrex are 
the absorption cross section of SA, concentration of SA, laser 
frequency, and energy relaxation time of SA, respectively 
[33,34].

From the macroscopic experimental point of view, the lin-
ear optics (such as absorption coefficient, and non-saturable 
loss) and nonlinear optics (such as modulation depth, and the 
saturation intensity) terms are commonly used for SA spec-
troscopy parameters. Consider an optical pulse of intensity 
I(t)in that propagates through an SA of sample thickness L and 
the transmitted optical pulse intensity I(t)out. The optical trans-
mittance T = I(t)out/I(t)in of the SA can be expressed as [35]
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Figure 35.7 is the nonlinear transmission curve of the SA; it 
shows the transmission behavior of the SA versus the incom-
ing light intensity. The difference between 100% transmission 
and the maximum transmission of SA is defined as nonsatu-
rable loss, which represents the linear optical loss of SA.

The modulation depth (MD) is an important optical param-
eter describing the strength of nonlinear coupling between 
optical field and the SA material. The MD is defined as the 
difference of maximum transparent light intensity (Tmax) to 
the minimum (Tmin). From Equations 35.9 and 35.10 it can be 
expressed as

 MD T T e ensL L= − = ⋅ −− −
max min ( )α α1 0  (35.11)
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FIGURE 35.6 Carrier dynamics of graphene with two relaxation time scale: Intraband transition (τ1 ~ 100 fs) and interband transition 
(τ2 ~ 100 ps).
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The larger the MD means the better pulse shaping abil-
ity. For an idea dispersant (αns ~ 0) the performance of MLFL 
correlates to the concentration and the thickness of graphene.

The pulse-shaping effect of SA can be realized as follows. 
Figure 35.8 sketches the pulse-shaping mechanism when a 
pulse passes through an SA. The output pulse is normalized to 
the original pulse. The light was absorbed at the tail of the pulse 
and remains almost unchanged at the tip of the pulse. It indi-
cates that the pulse with low intensity encountered the higher 
absorption by passing the SA and the pulse with high intensity 
encountered the lower absorption. As a result, the pulse that 
passes through such an SA has been temporal narrowing.

35.2.4 uLtrafast Laser with fast sa mode-LockinG

In this study, mode-locking was achieved passively by inserting 
graphene SA into erbium-doped fiber laser (EDFL). Fluctuations 
induced by spontaneous emission were enhanced by SA through 
many round trips. The pulse became shortened till the spectral 
width was comparable to the gain bandwidth. The analysis of 

SA-based passive mode-locking of a homogeneously broadened 
laser has been presented by Haus in 1975 [36].

Here, we reviewed the theory on the modeling of ultra-
fast laser system, in particular, for the mode-locked scheme 
based on the fast SA. Dispersion usually causes optical pulse 
broadening and prevents shortest pulse generation. From the 
following theoretical analysis, we are able to realize how 
one can combine negative dispersion with the nonlinear self-
phase modulation to generate shortest pulse. The theory also 
provides the basis on the stable soliton-like pulse generation 
particularly useful for the experiments on the Er:doped ring 
fiber laser.

Under assumption of small linear and nonlinear changes in 
the pulse within each round-trip time in the laser cavity, the 
model for the pulse-shaping process was described as Haus’s 
master equation:
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where A(T,t) is the pulse envelope, with t ≪ T  ≈ TR and TR 
is the cavity round trip time. The terms ΔAi represents lin-
ear operator and describes the change of pulse envelope due 
to various optical elements (such as gain medium, SA, dis-
persion, and self-phase modulation) in the laser cavity. The 
simplest case in the passively MLFL system is with optical 
elements including gain medium (e.g., EDF) and fast SA (e.g., 
graphene-based SA). The gain medium with homogeneous 
broadening can be described by Lorentzian function as
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where Δω = ω − ω0, g is the saturated gain coefficient, and Ωg 
the gain bandwidth.

Pulse envelope after the gain medium, under small enve-
lope change assumption as describe in the frequency domain 
is given by
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Using the Fourier transform, Equation 35.14 can be writ-
ten as
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Therefore, the change in the pulse envelope after the gain 
medium (ΔAgain) can be modeled as
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where g g/Ω2  is the gain bandwidth filtering.
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In fast SA aspect, the SA can be completely saturated and 
saturates linearly with intensity. While the peak intensity of 
pulse is much smaller than the saturation intensity, the SA is 
weak saturated and Equation 35.9 can be expressed as
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Since the power in the mode indicates that the intensity 
is multiplied by the effective area of the mode, Aeff, normal-
ize the mode amplitude and |A(t)|2 equals the power (i.e., 
|A(t)|2 = AeffI(t)). The absorption coefficient can therefore be 
written as
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where γ = α0/IsAeff is the self-amplitude modulation (SAM) 
coefficient.

Assume the unsaturated SA loss and nonsaturable loss can 
be incorporated into the loss coefficient, l. The pulse envelope 
change in passing through the fast SA is then given by
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Therefore, the change in the pulse envelop after the fast SA 
(ΔASA) can be modeled as

 ∆A A t A tSA ≈ γ | ( ) | ( )2

 (35.19)

At the steady state, the Haus’s master equation for passive 
mode-locking with fast SA, according to Equations 35.15 and 
35.19, becomes
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The analytical solution is hyperbolic secant:

 
A t A h

t
( ) sec= 0

0τ  
(35.21)

with pulse duration τ γ0 02= g A g/ / Ω .

35.2.5  uLtrafast Laser with fast sa mode 
LockinG, Gvd, and spm

In the development of ultrafast laser, it has been realized 
that nonlinear self-phase modulation (SPM) effect and linear 
GVD plays an important role in the generation of minimum 
pulse temporal duration.

In GVD aspect, we examine how linear dispersion shapes 
the optical pulse. GVD introduces a frequency (or wave-
length) dependent delay on the various spectral components 
of an optical pulse [24]. Under nonzero GVD, light with dif-
ferent frequencies has different round-trip times and it leads 
the broadening of pulses in the ring passive mode-locking 
laser. We take the frequency dependence of propagation opti-
cal pulse wave-number k to analyze the dispersion. By using 
Taylor series expansion, wave-number k can be written as
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where ′ = ∂ ∂k k / ω  and ′′ = ∂ ∂k k2 2/ ω , and the derivatives are 
evaluated at ω = ω0.

For pulse propagates in a medium with thickness L, the 
pulse envelope output can be described in the frequency 
domain as
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The expression above shows only the quadratic term 
that contributes a quadratic spectral phase variation, which 
describe the deformed envelope. We ignore the linear term 
representing the group delay of envelope that is of no conse-
quence in the analysis. Take the Fourier transform of Equation 
35.23:
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where the GVD parameter D k L= ′′ /2 is defined. Therefore, 
the change in the pulse envelop after the GVD (ΔAGVD) can 
be modeled as
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In SPM aspect, nonlinear optics effect on the ultrafast 
laser is particularly important. Nonlinear absorption such as 
self-amplitude modulation (SAM) of SA is the main process 
response for passively mode-locking the laser as discussed 
earlier. Here, we discuss how nonlinear refraction, such as 
self-phase modulation (SPM) effect shape the optical pulse. 
Phase of the optical pulse can be modulated in a nonlinear 
way from SPM. SPM opens a way to a spectral broadening of 
a pulse. As an ultra-short pulse passes through a medium, the 
refractive index of the medium will change as the intensity of 
pulse due to the optical Kerr effect:
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where n2 is the second-order nonlinear refractive index of the 
medium and I(t) is the intensity envelop of a light pulse.

The change of refractive index will cause a nonlinear phase 
shift. The nonlinear phase shift after propagating in a nonlin-
ear medium of length LK (Kerr effect) can be expressed as
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Assuming the SPM per pass is small, the SPM effect can 
be shown as

 A t e A t j t A tout
j t

in in( ) ( ) [ ( )] ( )( )= ≈ +∆ ∆ϕ ϕ1  (35.28)

where Ain(t) and Aout(t) are the pulses envelope before and 
after the nonlinear refractive index medium. From Equation 
35.27, the nonlinear phase shift is proportional to the inten-
sity. Set the SPM coefficient δ, then Δφ(t) ≈ −δ|A(t)|2. Equation 
35.28 can be expressed as

 A t j A t A tout in in( ) ( | ( ) | ) ( )≈ −1 2δ  (35.29)

where the SPM parameter δ = (2π/λ)n2LK/Aeff is defined.
Therefore, the change in the pulse envelop from the SPM 

(ΔASPM ) can be modeled as

 ∆A j A t A tSPM ≈ − δ | ( ) | ( )2

 (35.30)

Now, we can describe the temporal evolution of a pulse 
envelope inside the laser cavity with gain: Equation 35.15, 
fast SA: Equation 35.19, SPM: Equation 35.30, and GVD: 
Equation 35.25, the master equation becomes
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This is the modified equation to the Haus’ master equation 
for fast SA mode-locking as described in Equation 35.27 with 
new parameters: δ = (2π/λ)n2LK/Aeff for SPM and D = k″L/2 
for GVD.

The schematic representing the modeling of the passive 
mode-locking elements including gain, fast SA, SPM, and 
GVD was shown in Figure 35.9.

Equation 35.21 has a simple steady-state solution in the 
form of a chirped secant hyperbolic pulse:
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where β is the chirp parameter of the optical pulse.

The most significant result of the Haus’s analysis is relat-
ing the pulse duration and chirp as function of normal-

ized dispersion (D g Dn g= ( )Ω2 / ), with normalized SPM 

δ δ τn gA g= ( )0
2

0 / Ω  as parameters as seen in Figures 35.10 and 
35.11 [2].

Figure 35.10 shows the pulsewidth as function of normal-
ized GVD and normalized SPM, the shortest pulse is pre-
dicted by GVD parameter D < 0 and SPM parameter δ > 0. 
Figure 35.11 shows the chirp as function of normalized GVD 
and normalized SPM, the chirp is significantly large in the 
positive GVD.

The criteria of stabale solution can also be analyzed with 
stability parameter S satisfied:

 S Dn≡ − − >( )1 2 02β β  (35.33)
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FIGURE 35.9 Passively mode-locking laser using SAM additional 
with intra-cavity GVD and SPM for pulse compression.
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FIGURE 35.10 Pulsewidth as function of GVD and SPM. (From 
H. A. Haus, Mode-locking of lasers, IEEE J. Sel. Top. Quantum 
Electron. © 2000 IEEE.)
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For a chirp-free (β = 0) soliton, the pulse is always stable 
(S = 1). Instabilities in pulses are usually found for the laser 
with large nonlinear SPM and typically characterized with 
high chirping.

Furthermore, for a small SAM coefficient, weak filtering 
and negative D approximation, the mater equation becomes 
the nonlinear Schrodinger equation:
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Under these conditions, the stationary pulse emerges from 
balancing between GVD (negative) and SPM (positive) and 
results a chirp-free soliton-like solution:
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The duration of the chirp-free soliton-like pulse is

 
τ δ= 1

2
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(35.36)

The amplitude and pulsewidth product satisfied the “area 

theorem” τ δ| | | |A D= 2 /  via balance of GVD and SPM. 
Soliton-like pulse are found in most of the Er-doped fiber 
ring laser configuration where only weak SAM is required for 
mode-locking and stabilizing the pulse. The pulse instability 
can be caused by excessive SPM and positive dispersion.

35.2.6 puLse spectraL sideBands

Ultrafast all-fiber laser usually exhibits structured spectral 
sidebands as shown in Figure 35.12. However, those sidebands 
cannot be predicted from Haus’ master equation. In fact, the 
existence of spectral sidebands in the mode-locked fiber laser 
limit the shorter pulsewidth generation.

A dispersive wave is formed due to the laser output coupler 
that provides the round-trip loss perturbation to the soliton 
wave and share some energy from soliton pulse. The origin of 
the sidebands is caused by the resonant enhancement between 
soliton and dispersive wave from the laser cavity periodic 
perturbation. The spectral sidebands were first observed by 
Kelly, also known as Kelly sidebands [37].

Assume the propagation constant of soliton pulse is kS and 
dispersive wave is klin. As shown in Figure 35.13, the spec-
tral sidebands occur with condition for the phase matching, 
(kS − klin)Zp = 2mπ, and where Zp is the perturbation length 
(length of laser) and m is an integer.

Since the dispersive wave is linear and has a quadratic 
dependence on sideband frequency (Δω) on propagation con-

stant, k klin = − ′′| | ∆ω2 2/ , the phase matching condition can 
be expressed as
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where Z k0
21 2= ′′( )( | |)/ /πτ  is the soliton period.

The predictions of phase-matching conditions agree well 
with experiment results, particularly when the soliton pulses 
are free of chirp.
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35.3 GRAPHENE FILM PREPARATION

The graphene-based SA can be prepared in thin solid film 
geometry. Various techniques, such as exfoliation, chemical 
vapor deposition (CVD), electrochemistry, and wet process by 
mixing the graphene flakes in host matrix with dispersant are 
viable approaches for graphene-based sample preparation. In 
this report, dispersant of graphene flakes from spin coating 
(film thickness ~ few micron) and stacking of mono-atomic 
layers of graphene by CVD process (film thickness ~ few nm) 
are fabricated.

35.3.1 dispersant synthetic fLuorinated mica

Graphene with average thickness of 12 nm, lateral dimension 
of 4.5 μm, and specific surface area of 80 m/g2, were sup-
plied by UP Co. (USA). The plate-like graphene are com-
posed of conjugated sp2 orbital bonds. The materials tend to 
aggregate and are difficult for solvating into water or organic 
solvents. The self-aggregation and entanglement are mainly 
caused by van der Waals force attraction. However, when 
graphene were properly ground with plate-like clays, such 
as the fluorinated MICA, the pulverized powders as a physi-
cal mixture became readily dispersible in water. The fluo-
rinated MICA (MICA), obtained from CO-OP CheMICAl 
Co. (Japan), was used to disperse graphene. The particular 
MICA of Na0.66Mg2.68 (Si3.98 Al0.02)O10.02F1.96, is synthesized 
by Na2SiF6 treatment of talc at high temperature. The MICA 
is one of anionic clays and exist in powder form of irregular 
aggregates with the primary units consisting of silicate plate-
lets in stacks. The unit platelets are irregularly shaped and 
have ionic charges with ≡SiO−Na+. The average dimensions 
were estimated to be approximately 300 × 300 × 1 nm3 for 
MICA. Due to the ≡SiO−Na+ in each unit platelet, MICA is 
dispersible in water [38–41].

The procedure of mixing MICA–graphene hybrid is 
described below. Graphene (10 mg) and MICA (30 mg) were 
ground adequately in an agate mortar and pestle. The sides 
of the mortar were occasionally scraped down with the pes-
tle during grinding to ensure a thorough mixing. The mix-
ture was washed from the mortar and pestle using deionized 
(DI) water at concentration of 10 mg of graphene in 20 g of 
water. The graphene/MICA hybrids were prepared at clay-to-
graphene weight ratios. During the mixing, ultrasonic vibra-
tion was applied for 2 h. Ultrasonication was operated on a 
BRANSON 5510R-DTH (135 W, 42 kHz). A homogenous sus-
pension of graphene was obtained in the presence of MICA. 
The grinding procedure for the preparation can be monitored 
by the transmission electron microscopy (TEM) image. The 
pristine graphene was observed, as shown in Figure 35.14a, 
and the heterogeneous mixtures were observed after grinding, 
as shown in Figure 35.14b.

35.3.2 dispersant poLy(oxyethyLene)-seGmented imide

The oligomer dispersant and poly(oxyethylene)-segmented 
imide (POEM), was synthesized from the reaction of 
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polyether-diamine and dianhydride by using the previously 
reported procedures [42]. The poly(oxyethylene)-diamine, 
specifically poly(oxypropylene-oxyethylene-oxypropylene)- 
block polyether of bis(2-aminopropyl ether) at averaged 
2000 g/mol molecular weight (abbreviated as POE2000) was 
a water-soluble and crystalline poly(oxyethylene)-backboned 
(POE-) amine (waxy solid, mp 37–40°C, amine content of 
0.95 mequiv/g with an average of 39 oxyethylene and 6 oxy-
propylene units in the structure), purchased from Huntsman 
Chemical Co. The anhydride, 4,4′-oxydiphthalic anhydride 
(ODPA, 97% purity), was purchased from Aldrich Chemical 
Co. and purified by sublimation. Tetrahydrofuran (THF) was 
purchased from TEDIA Company Inc.

The typical experimental procedures for synthesizing the 
POEM dispersant are described below for the oligomer with 
the composition of POE2000 and ODPA at a 6:5 equiva-
lent ratio. To a 100-mL three-necked and round-bottomed 
flask equipped with a magnetic stirrer, nitrogen inlet-outlet 
lines, and a thermometer, POE2000 (10 g, 5 mL mmol) in 
THF (15 mL) was added, followed by a solution of ODPA 
(1.29 g, 4.2 mmol) in THF (10 mL) through an addition fun-
nel in a drop-wise manner. During the addition, the mix-
ture was stirred vigorously and the reaction temperature was 
maintained at 150°C for 3 h. During the process, samples 
were taken periodically and monitored using a Fourier 
transform infrared (FT-IR). This showed that the absorp-
tion peaks of anhydride functionality at 1780 cm−1 (s) and 
1850 cm−1 (w) disappeared at the expense of the peaks at 
1713 and 1773 cm−1 for the asymmetric stretch of imide. 
The characteristic absorption at 1100 cm−1 of oxyalkylene 
was observed. The product mixture was subjected to rotary 
evaporation under a reduced pressure and recovered as a yel-
lowish waxy solid. The final product, used as the dispersant, 
can be described by the representative chemical structure, as 
shown in Figure 35.15.

The graphene dispersion was prepared in the presence of 
dispersants. Graphene (25 mg) was first dispersed in 5 mL 
of deionized water in a vial and sonicated under a VCX 500 
Ultrasonicator at ambient temperature for 1 h. The resultant 
solution was dark black with some solid precipitates at the 
bottom of the container, indicating a low degree of dispersion. 

In a separate glass container, POEM (0.5 g) was dissolved in 
5 mL of deionized water (R = 18.2 MΩ/cm2) and added to the 
graphene solution (5.0 mL). A homogenous suspension of gra-
phene was obtained in the presence of POEM.

The homogeneous dispersion of graphene was resolved 
by compounding graphene with organic dispersants at a suit-
able weight ratio. It was found that the prepared POEM, dis-
solved in water at a concentration of 0.5 wt%, or dispersant 
with graphene at 2:1 weight ratio, was effective for dispersing 
graphene in deionized water. The fine dispersion can be rec-
ognized and differentiated by naked eyes by observing the 
black suspension from solid precipitates in the bottom layer, 
as shown in the inserted pictures of solution vials in Figure 
35.16. The TEM micrographs further revealed the POEM dis-
persed graphene to be observed as the exfoliated state.

Mixing two precursors with an aqueous solution of poly-
urethane (PVA) and drop on the glass substrate to do spin 
coating were studied. After water evaporation, the compos-
ite film of graphene/MICA/PVA and graphene/POEM/PVA 
were then obtained. The thickness of thin film was varied by 
speed of spin coating and the concentration was controlled by 
the amounts of graphene [43].

(a) (b)
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FIGURE 35.14 TEM micrographs of (a) the pristine graphene showing serious aggregates, and (b) dispersion of graphene-MICA. (From 
P. L. Huang, H. H. Kuo, R. X. Dong et al. J. Lightwave Technol. 30;2012:3413.)
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35.3.3 few Layer atomic Graphene

Different layers of graphene were produced by the CVD 
method [44,45]. For the CVD process of graphene on Ni sub-
strate, the substrate structure of Ni(300 nm)/SiO2(300 nm)/
Si was put on a quartz plate and then loaded into the cen-
ter of a tubular furnace. The chamber was evacuated to 
~5 mTorr and the temperature was increased to 1000°C dur-
ing the process. Prior to growth, a pretreatment step was 
performed under a H2 atmosphere with 400 sccm flow at 
2.8 Torr for 10 min. In the growth step, a gas mixture of 
methane and hydrogen (CH4 = 80 sccm and H2 = 40 sccm) 
was introduced for 10 min. The system was then cooled to 
room temperature to complete the growth. To transfer the 
as-grown graphene onto the substrate, the Ni substrate after 
the CVD growth was coated with a layer of poly (methyl 
methacrylate) (PMMA) by spinning-coating method, fol-
lowed by baking at 90°C for 1 min. Then the PMMA-caped 
Ni substrate was immersed into a diluted HCl solution (HCl/
Water = 1:3) for 20 min to etch away the Ni thin layer. The 
PMMA-caped graphene film was floated on the solution sur-
face, and then transferred to a DI water to dilute and remove 
the etchant and residues. The PMMA/graphene was trans-
ferred to the receiving substrate and dried on a hot-plate. 
The PMMA was removed by warm acetone (90°C), and then 
the sample was rinsed with isopropyl alcohol and DI water. 
To strip off the graphene film from the quartz substrate, the 
graphene was covered by PVA. After water evaporation, gra-
phene with a supporting layer of PVA film was laminated 
from the quartz substrate. The composite film of graphene/
PVA was then obtained [21].

35.4  OPTICAL PROPERTIES OF 
GRAPHENE SA: MEASUREMENT

Optical transmission measurement under high intensity illu-
mination (typically using ps or fs laser source) shows various 
degree of saturable absorption with low saturation intensity. 
The strength of MD of the SA, the key parameter for mode-
locking laser, can be engineered from the process of graphene 
sample preparation either in the number of atomic-layers 
stacking of the CVD process or in the thin film concentration 

and thickness control of wet spin coating process. In this sec-
tion, the linear and nonlinear optical properties of graphene 
SA were examined. For linear optical absorption, the oper-
ating wavelength was checked by using UV–visible–NIR 
spectrophotometer. For nonlinear optical absorption, we 
examined the pulse-shaping ability of graphene SA including 
nonsaturable loss and MD. In the following, the graphene SA 
was inserted in the MLEDFL to generate the ML pulses. By 
examination of the oscilloscope, optical analyzer and auto-
correlator, the pulse train, optical spectrum, and pulse trace 
are measured, respectively. Finally, we compared the charac-
teristics of the ML pulses with different thickness and con-
centration of graphene SA.

35.4.1 Linear opticaL properties

35.4.1.1 Graphene with MICA and POEM Dispersant
Figure 35.17a shows the linear optical absorption spectra of 
graphene/MICA-SA films; the samples are prepared with 
2 wt% concentration at spin rate of 800, 1200, and 1600 rpm. 
Figure 35.17b shows the linear optical absorption spectra of 
graphene/POEM-SA films; the samples are prepared with 
1.65 and 3.25 wt% concentrations at spin rate of 800 and 
1200 rpm. All traces showed featureless from 400 to 2000 nm 
as theoretically expected [46].

35.4.1.2 Few Layer Atomic Graphene
The linear absorption spectra of 7-, 11-, 14-, and 21-layers gra-
phene is shown in Figure 35.18. The CVD-deposited graphene 
was well formatted close to A–A stacked structure. Figure 
35.19 plots the Raman spectrum of 21 and 2 layer graphene-
PVA film with two typical Raman peaks G (~1580 cm−1) 
and 2D (~2726 cm−1). The G-band was a doubly degenerate 
phonon mode at the Brillouin zone center that was Raman 
active for sp2-hybridized carbon–carbon bonds in graphene. 
The 2D-band was originated from a double-resonance pro-
cess of crystalline graphite. The line-width broadening of 
the 2D-band of 21 layer graphene was due to the multilayer 
stacks. An increase in the number of defects among graphene 
would result in an increase of the D-band (~1350 cm−1) inten-
sity. In this case, the D-band was not observed in the Raman 

(a) (b)

500 nm 200 nm

FIGURE 35.16 TEM micrographs of (a) graphene solution (sonication) and (b) graphene/POEM solution. (From P. L. Huang, H. H. Kuo, 
R. X. Dong et al. J. Lightwave Technol. 30;2012:3413.)
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spectrum, suggesting that a low defect-level of graphene was 
prepared [47,48].

35.4.2 nonLinear opticaL properties

The nonlinear transmission characteristics of graphene SA 
were measured using a SWCNT-based SA mode-locked 
laser. The measurement schematic of the setup is shown in 

Figure 35.20. Through a broadband attenuator, the laser inten-
sity was able to provide various power intensities. A coupler 
was connected after the attenuator so that the output power 
levels with and without passing the SAs could be measured 
simultaneously. The single-pass optical transmission can then 
be derived by the ratio of the intensity (output port 1) to the 
total input intensity [49].

35.4.2.1 Graphene with MICA and POEM Dispersant
Figure 35.21 shows the nonlinear transmission characteristics 
of graphene/MICA-SA and graphene/POEM-SA. The MD, 
nonsaturable loss and saturation intensity of graphene/MICA 
-SA (3 wt%, 12 μm) were measured about 2.57%, 70.92%, 
and 36.90 MW/cm2, respectively, and about 1.70%, 76.94%, 
and 36.35 MW/cm2 for graphene/POEM-SA (2 wt%, 19 μm). 
In general case, the mode-locking ability may relate to the 
MD and the pulsewidth shortens as the MD increases. In 
comparison, the SA dispersed by MICA exhibited a higher 
MD than that dispersed by POEM. The pulsewidth may be 
reduced furthermore as MD increases.

As mentioned, the difference in MD shown in Figure 
35.21 can be understood from the ratio of Equation 3 
with graphene/MICA-SA to graphene/POEM-SA as 
MD MD eMICA POEM

Lns/ = − ⋅∆α  when the TCP of graphene are the 
same in both cases. The difference of mode-locking response 
for the MLFL using graphene/MICA and graphene/POEM 
may be related to the difference linear loss coefficient (Δαns) 
from MICA and POEM dispersants in the SAs.
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35.4.2.2 Few Layer Atomic Graphene
The MD of the 7-, 11-, 14-, and 21-layers graphene-based SA 
were measured at 3.98%, 3.50%, 3.28%, and 2.93%, respec-
tively. The nonsaturable loss of the 7-, 11-, 14-, and 21-layers 
graphene-based SA were also measured at 18.40%, 29.50%, 
35.14%, and 53.05%, respectively. Figure 35.22 shows the 
nonlinear transmission characteristics of the 21-layer gra-
phene SA.

35.5  FIBER-LASER MODE LOCKING WITH 
GRAPHENE SA: EXPERIMENT

35.5.1 Laser system set up

Figure 35.23 shows the all-fiber passive MLFL system. An 
85 cm highly doped erbium fiber (LIEKKITM Er80-4/125) 

is used as the gain medium. The 980/1550 nm WDM was 
used to introduce the 980 nm laser diode pumping source to 
excite the EDF and produce the amplified stimulated emis-
sion (ASE) with wavelength centered at 1550 nm and perform 
the optical feedback from the ring fiber cavity. The graphene 
films were inserted between two FC/APC fiber connectors 
as a SA to generate the mode-lock pulses. An isolator was 
employed to ensure the unidirectional operation; a polariza-
tion controller (PC) is utilized to distinguished two Eigen 
modes of state of polarization for laser operation. Total cavity 
length is 7.6 m with average GVD of 0.02 ps2/m. The emis-
sion light from EDF gain passed the graphene SAs then par-
tially returned to the ring cavity and partially transmitted as 
cavity output from 1 × 2 fiber coupler. One output port was 
connected to power meter, autocorrelator, oscilloscope, radio-
frequency spectrum analyzer, and optical spectrum analyzer 
to observe the pulsewidth, the pulse train, and the spectrum 
linewidth, respectively.

35.5.2 mode-Locked Laser performance

35.5.2.1  Mode-Locking Using Graphene/
MICA and Graphene/POEM as SA

For passive laser mode-locking using 3 wt%, and 12 μm gra-
phene/MICA as SA, the threshold pump power in cw lasing 
was about 70 mW. For dispersant using MICA, the spectrum 
is shown in Figure 35.24. The output pulse train of MLFL had 
repetition rate about 25.64 MHz and the pulse width was mea-
sured as 382 fs, as shown in Figure 35.24 (inset). The average 
output power was measured to be about 1.16 mW. The TBP for 
graphene-SA was 0.322. Both optical spectra revealed the Kelly 
sideband indicating that soliton-like pulse was generated [50].

For passive mode-locking laser using 2 wt% and 19 μm 
graphene/POEM-SA; the mode-locked pulses were self-
started as the pumping power increased to 78 mW. For dis-
persant using POEM, the optical spectrum is shown in Figure 
35.25; the spectrum was centered at 1555.51 nm with 3 dB 
spectral bandwidth of 6.35 nm. The output pulse train of 
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MLEDFL had exhibited repetition rate about 25.64 MHz and 
the pulse width measured 422 fs, the autocorrelator trace is 
shown in Figure 35.25 (inset). The TBP is calculated as 0.332.

35.5.2.2  Mode-Locking Using Few Layer Atomic 
Graphene as Saturable Absorber

The performance of MLFL using the 7-, 11-, 14-, and 21-lay-
ers graphene-based SA with different SMF fiber lengths were 
investigated and compared. The thinner 7-, 11-, and 14-layers 
of graphene-based SA were difficult to form a stable soliton-
like pulse unless extra SMFs were added. The comparison of 
passively MLFL performance based on graphene SA is shown 
in Table 35.1.

For a passive MLFL using a 21-layer graphene as SA; the 
threshold pump power in CW lasing was about 33 mW. The 
mode-locked pulses were self-started as the pumping power 
increased to 53.30 mW. The optical spectrum of the mode-
locked pulse is shown in Figure 35.26a. The spectrum was 
centered at 1559.12 nm with 3 dB spectral bandwidth of 
6.16 nm. In Figure 35.26b, the output pulse train of MLEDF 
exhibited a repetition rate at about 25.51 MHz and the pulse 
width was measured to be 433 fs from the autocorrelator 
trace. Further increasing the pumping power to 73.78 mW, the 
harmonic mode-locking was observed, which could be con-
firmed by pulse train with a repetition rate about two times 
that of the fundamental mode-locking. The TBP was calcu-
lated to be 0.323, which was close to the bandwidth limited 
case. All optical spectra reveal the Kelly sideband indicat-
ing that a soliton-like pulse was generated. The laser cavity 
included 0.85 m of EDF (GVD:-0.02 ps2/m), 1.35 m of corn-
ing flexcor 1060 (GVD:-0.007 ps2/m), and 5.4 m of SMF28 
(GVD:-0.023 ps2/m). Based on the Kelly sideband location 
the total cavity dispersion was estimated to be 0.2124 ps/nm. 
The RF spectrum of ML pulses was measured by connecting 
a high sensitivity photo detector to a RF spectrum analyzer 
(HP8563E). As shown in Figure 35.27, the major peak was 
the cavity repetition rate of 25.67 MHz with a signal-to-noise 
ratio of 31 dB. In this work, the stability measurement was 
similar to the previous graphene-based works [11,12]. The 
power stability performance was monitored for 8 h a day and 
repeated measurements after 12 h for two weeks within 2% 
variation. The soliton pulse laser performance of fundamental 
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FIGURE 35.24 Optical spectrum and (inset) autocorrelator trace 
of mode-locked laser used 3 wt%, 12 m graphene/MICA as SA. 
(From P. L. Huang, H. H. Kuo, R. X. Dong et al., Performance of 
graphene mediated saturable absorber on stable mode-locked fiber 
lasers employing different nano-dispersants, J. Lightwave Technol. 
© 2012 IEEE.)
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FIGURE 35.25 Optical spectrum and (inset) autocorrelator trace 
of mode-locked laser used 2 wt%, 19 m graphene/POEM as SA. 
(From P. L. Huang, H. H. Kuo, R. X. Dong et al., Performance of 
graphene mediated saturable absorber on stable mode-locked fiber 
lasers employing different nano-dispersants, J. Lightwave Technol. 
© 2012 IEEE.)

TABLE 35.1
Performance Comparison of MLFLs for Different Layers of Graphene SA

Number of Layers
Length of SMF 

(m)
Pumping Current 

(mA)
Spectra Width 

(nm)
Pulse Energy 

(nJ)
Pulse Duration 

(fs) Pulse Stability
7 5.4 + 50 122 2.20 0.56 1147 Stable
11 5.4 + 0 108 4.48 0.01 a Quasi-stable
11 5.4 + 10 146 3.11 0.15 715 Stable
14 5.4 + 0 109 2.86 0.03 a Quasi-stable
14 5.4 + 5 173 3.48 0.07 563 Stable
21 5.4 + 0 142 6.16 0.05 483 Stable

a Due to the power fluctuation, the autocorrelator was not available to measure the pulsewidth.
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mode-locking with 21-layer graphene-based SA was shown 
in Table 35.2. Table 35.2 indicated that the stable soliton-
like operation was achieved at a pumping level from 53.30 
to 63.79 mW. Second-order harmonic soliton-like pulses was 
achieved at a higher pumping level from 73.78 to 83.26 mW.

35.6 CONCLUSION

For the dispersed graphene-based SA, the facile process of 
preparing the homogeneous dispersion of graphene by a sim-
ple spin-coating technique under vacuum-free environment 
allows the fabrication of good quality and scalable large-area 
graphene film. This stable mode-locked pulse formation by 
employing the novel graphene-mediated SA has proven the 
high performance MLFLs that is potentially applicable for a 
myriad of low-cost nanodevices.

For few layer graphene fabricated by CVD method, the thin-
ner layer of graphene SA had difficulty in forming a stable soli-
ton-like pulse unless extra SMFs were added. However, a stable 
soliton-like mode-lock pulse train can be easily established with 
thicker layer of graphene SA. This might be due to the follow-
ing reasons: (1) The thinner layer graphene samples exhibited 
relatively high MD with ISA made it difficult for a laser cavity to 
form a stable soliton pulse and needed additional length of SMF 
with sufficient abnormal dispersion to compensate nonlinear 
effect from graphene, for example, self-phase modulation. (2) 
More available density of states in the band structure of stacking 
layer graphene than the thinner layer favored nonlinear optics 
control of graphene inside the laser cavity.

In summary, graphene-polymer-based SA and the atomic-
layer graphene-based SA used to achieve stable passively 
mode-locked laser were obtained. The results indicate that 
graphene can be a reliable mode-locker for stable soliton-like 
pulse formation of the MLFL.
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