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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 structures 
called carbon allotropes. The most common crystalline forms 
of carbon are graphite and diamond. Graphite is a three-
dimensional allotrope of carbon with a layered structure in 
which tetravalent atoms of carbon are connected to three 
other carbon atoms by three covalent bonds and form a hex-
agonal network structure. Each one of these aforementioned 
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; there-
fore, the sheets can slide easily over each other. The distance 
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 conductivity, 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 devel-
opment of a broad range of applications, such as nanocarriers 
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 spheri-
cal 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 and 
chemical properties of graphene and cites recent developments. 
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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 electrical conduc-
tivity only is desirable. For example, the Chinese Academy of 
Sciences (IMR, CAS) has created a polymer matrix composite 
reinforced with graphene, which has a high electrical conduc-
tivity. 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-applica-
tion 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 contributed to an 
upsurge in early corporate activities. Second, a rapid globaliza-
tion 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 graphene domain, result-
ing in the expansion of research capability of nanotechnology. 
Nevertheless, science alone does not guarantee commercial 
exploitation. To clarify the issue, the level of corporate patent-
ing 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 transistors, 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 coatings. We have identified six areas of emerging applica-
tions for graphene, including displays/screens, memory chips, 
biomedical  devices, batteries/fuel cells, coatings and inks, and 
materials. In the investigation of the corporate engagement in 
graphene, we sought to understand early corporate activity pat-
terns related to broader research and invention trends. In tra-
ditional innovation models, a lag between research publication 
and patenting is consistent with the linear model. However, 
more recent innovation models are stressing concurrent 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.

Mahmood Aliofkhazraei
Nasar Ali

William I. Milne
Cengiz S. Ozkan

Stanislaw Mitura
Juana L. Gervasoni

Summer 2015
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1 Key Points for Transferring Graphene 
Grown by Chemical Vapor Deposition

Elisabet Prats-Alfonso, Philippe Godignon, Rosa Villa, and Gemma Gabriel

ABSTRACT

After the major efforts made and the progress achieved in 
CVD graphene synthesis, the real challenge in graphene 
devices lies in the ability to safely transfer these synthesized 
layers to a target substrate. The transfer is a complex process 
that involves many steps which are not usually fully described 
in the literature. This chapter will try to fill this gap by giving 
all the details involved in the whole graphene transfer process.

1.1 INTRODUCTION

Since its discovery in 2004, graphene1 has captured the interest 
of the scientific community2 because of its unique chemical, 
mechanical, electronic, optoelectronic, and physical proper-
ties. Moreover, it has also displayed very interesting material 
properties, such as transparency, flexibility, and biocompat-
ibility, placing it in a front position for being used in a wide 
range of applications. In particular, during the past decade 
relevant scientific studies based on graphene physics and 
chemistry revealed a vast number of possible applications in 
many different fields like electronics,3–15 biomedicine,3,5,6,16–23 
or energy storage.24–26 In parallel with the studies that were 
trying to explain the exceptional properties of graphene, 
research efforts were focused on improving graphene synthe-
sis to overcome the limitations of the first graphene obtain-
ing method, mechanical exfoliation (Scotch tape method) 
described by Novoselov and Geim in 2004.1 Since then, other 

synthesis methods have been developed, chemical exfolia-
tion,1,27 epitaxial growth,28,29 and chemical vapor deposition 
(CVD)30,31 being the most relevant ones. Although promising 
high-quality graphene sheets have been obtained, graphene 
synthesis is still a hot research topic in this field. Nevertheless, 
the graphene sheets that are available nowadays enable work-
ing on the development of graphene-based devices in order to 
confirm several potential applications of graphene.

It is not the aim of this chapter to cover promising appli-
cations where graphene can be used, thanks to its outstand-
ing properties; however, to make it technologically viable, 
different ways to manipulate graphene material to perform 
specific applications have been developed. Supercapacitors or 
electrochemical capacitors is one of the areas where graphene 
has been widely studied as material for electrode formation. 
An alternative energy storage device that could be low cost, 
environmentally friendly, and with high-performance energy 
storage is an emerging research area due to the needs of our 
society. Supercapacitors are devices that store higher amounts 
of energy than the conventional dielectric capacitors, and the 
use of graphene is supposed to improve the performance of 
these devices because it has very high electrical conductivity, 
large surface area, and profuse interlayer structure. The prep-
aration of supercapacitor32–34 electrodes is essentially based 
on the chemical exfoliation of graphite to graphene oxide. 
Even though epitaxial graphene grown on SiC can be directly 
used in certain applications, for example, field-effect transis-
tors,14 there are some disadvantages related with the substrate 
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material, and these disadvantages must be taken into account. 
On the one hand, SiC is very expensive and also its applica-
bility is very limited, if further processing is needed. Also, 
SiC size wafers presume a limitation for large-scale graphene 
production. The growth mechanism implies that graphene 
C atoms are covalently bonded to the topmost SiC layer of 
SiC (depending on the SiC face chosen for the growth)35; so, 
besides the high-quality graphene layers produced with the 
epitaxial growth on SiC, most applications require graphene 
to be placed on a different and more versatile substrate. Here, 
graphene grown by CVD on a metal surface of Cu and Ni foils 
is currently the most common way for graphene synthesis.

Apart from the possibility for CVD growth graphene to 
be transferred, another outstanding advantage, in contrast 
with the use of SiC as a substrate, is that the growth over Cu 
or Ni foils is a cheap technology that enables work on large-
scale areas. However, some attempts have also been made for 
transferring epitaxial graphene via dry transfer or by using an 
Au/polyimide layer.36,37 In general, the main challenge of the 
transfer process is to finally obtain large areas of graphene 
film on the targeted substrate without deformation or degrada-
tion of the initial graphene grown on the metal. Many efforts 
have been made in this direction during recent years due to 
the importance of this topic. Thus, a broad range of ways to 
make the transfer process can be found in the literature. The 
most common transfer methods of large-scale synthesized 
graphene depending on the environment in which graphene 
touches the target substrate can be classified as (Figure 1.1)

• Dry transfer38–42 by using chemical methods. The 
dry transfer method seems to be more applicable to 

industrial applications, because it can yield a 30-inch 
graphene film on a flexible substrate, but plenty of 
transfer defects occur—for example, cracks, folds, 
and wrinkles.

• Wet transfer31,43–46 method is generally difficult to 
scale up, and the surface tension experienced by the 
floating graphene at the air–water interface causes 
warping, rippling, and rolling of the films during 
transfer.

Given the importance of the interfacing steps in transfer 
methods and the necessity to transfer graphene, the aim of 
this chapter is to fully describe the most important steps and 
key points of graphene transfer, that usually are not fully 
explained in the bibliography. The in focus is on large-scale 
graphene growth by CVD on Cu foils, and transfer assisted 
with polymer. Also, the chapter details the different possible 
variations of the same steps by showing the advantages and 
disadvantages of each of these variations. Moreover, the most 
relevant alternatives of the different transfer process options 
reported in the bibliography are referenced in order to obtain 
a general overview.

In particular, two kinds of final substrates will be taken 
into account. First, the most common and extensively used 
ones, which are rigid substrates, like Pyrex or silicon, with 
a silicon dioxide thin layer deposited on top. Second, flex-
ible and transparent substrates such as PET, SU8, PDMS, and 
COP which are less exploited but in increasing demand. The 
use of flexible substrates is of great interest in the field of bio-
medical applications, mainly due to the low damage caused 
by flexible devices when interacting with human tissues.

Graphene

Higher potential for scalability and
higher mobility

Synthesis

Most studied methods

CVD

Most widely used,
cheap, scalable

Transference

Common methods for large-
scale synthesis

Wet Transfer Dry Transfer

Epitaxial SiC

Limited by cost and
size of wafers

Exfoliation

FIGURE 1.1 Overview of the most important methods for graphene synthesis and methods for obtaining large-scale graphene transfers.
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Transferring graphene grown by CVD on Cu foils enables 
continuous graphene coverage along the whole substrate. 
However, it is not a simple procedure and requires advanced 
knowledge including wet chemistry skills. Hence, we consider 
that this graphene-related topic has not received the deserved 
attention, so this review, which includes the key points of this 
complicated methodology, is an attempt to achieve successful 
graphene transfers.

1.2 KEY STEPS FOR TRANSFERRING

Graphene transfer47 can be considered as one unique proce-
dure for placing the graphene layer from the grown substrate 
to a determined different substrate. But further than this def-
inition, the transfer process is a group of several steps that 
ensure perfect assembling between the new substrate and the 
graphene, for either large or small areas. The number of steps 
and conditions reported in the literature can vary between the 
referenced works, while the starting sample can also affect 
the optimal conditions for the transfer. From the experimental 

results obtained by the authors of this chapter, a new con-
cept called FRePECTE (Flattening, graphene layer Removal, 
polymer layer Protection, Etching, Cleaning, Transfer, and 
polymer Elimination) is introduced in order to encompass the 
unavoidable steps shown in Figure 1.2 that are necessary to 
guarantee a successful transfer.

Here, the different steps proposed in the literature and the 
principal problems that can appear during the graphene trans-
fer process in both, rigid and flexible substrates are evaluated 
and commented. In addition, a wide description of the solu-
tions and tricks to avoid or minimize the difficulties that are 
usually not detailed in the literature, are specified to facilitate 
a complete guide in transferring for well-experienced or first-
time graphene users, following the steps summarized by the 
FRePECTE method (Figure 1.3).

This chapter combines the description of the different meth-
ods tested for obtaining a promising transfer with the methods 
explained in the literature. The samples have been character-
ized48 basically by optical microscopy inspection, scanning 
electron microscopy (SEM), and Raman spectroscopy.49

Graphene
on Copper

Foil

Graphene
on new

substrate

Graphene
reversed-layer

Removal
Polymer

Protection Etching Cleaning Transfer Polymer
Elimination

Flattening Flattening Flattening

Transference

FIGURE 1.2 Schematics of the necessary steps to achieve graphene transfer following the FRePECTE process.

One-sided
graphene–Cu

Two-sided graphene
on Cu foil

Graphene–Cu
polymer protected Graphene–polymer–Cu on

etching solution

Graphene–polymer
on target substrate

Graphene on target
substrate Graphene–polymer on

cleaning solution and scooped
with target substrate

31,2 4

5

67

FIGURE 1.3 Graphene transfer process description detailing the steps of FRePECTE: (1) Flattening, (2) Graphene reversed-side removal, 
(3) Polymer protection, (4) Etching, (5) Cleaning, (6) Transferring, (7) Polymer elimination.
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The optical and SEM images are useful to relate the mor-
phologies of graphene material and provide a quick idea of 
its continuity, defects, domain areas, wrinkles, cracks etc. 
for both graphene on Cu and the transferred one. Raman 
spectroscopy is the most widely accessible and used physi-
cal characterization technique. Its spectrum is unique and the 
number of layers and the material quality can be extracted 
from the peaks. The main three peaks of interest in this work 
are the D (band centered at ~1285 cm−1), G (band centered 
at ~1580 cm−1), and 2D (band centered at ~2680 cm−1) peaks 
(shown in a further Figure 1.4c). The D peak arises from dis-
orders in sp2 hybridized carbon systems, that is, defects in 
graphene. The G peak arises due to the E2g doubly degener-
ate (due to the splitting of the electronic bands) vibrational 
mode that occurs due to the stretching of C–C bonds in car-
bon materials. And the 2D peak is due to a second-order two-
phonon process and is present in all sp2 carbon materials. So, 
in Raman the intensity of the peaks is taken in arbitrary units 

as are the relative intensities of each peak to the others that 
matter. There are different ways to calculate the number of 
layers of graphene:

• Analyzing the 2D peak: the deconvolution of this 
peak to obtain several Lorentzian peaks that corre-
spond to resonant frequencies-transitions.50

• Analyzing the G peak: the number of layers corre-
lates with a shift to the left of this peak.51

• Analyzing the 2D and G peaks: the comparison of 
the relative intensities of the 2D and G peaks has its 
correlation with the number of layers.52

Within this chapter, further discussions on the graphene 
layers will be based on the relative intensity of the 2D/G peak, 
and the graphene quality (presence of defects and amorphous 
carbon) variations will be analyzed by the relative intensity of 
the D/G peaks.

–35

100 µm

4 µm

(a)

10 µm

14 000

12 000

10 000

8000

In
te

ns
ity

 (a
.u

.)

6000

4000

2000

1200 1400

D

G 2D

1600 1800 2000
Raman shift (cm–1)

2200 2400 2600 2800 3000
0

–30

–25

–20

–15

–10

–5

0

Y 
(µ

m
)

5

10

15

20

25

30

35
–40 –20 0

X (µm)
20 40

(b)

(c)

FIGURE 1.4 (a) SEM images and (b) optical image of graphene grown by CVD on copper foil. (c) Typical Raman spectrum (gray) of gra-
phene on Cu as taken, and in black after the baseline correction. The main three peaks of interest are the D (band centered at ~1285 cm−1), 
G (band centered at ~1580 cm−1), and 2D (band centered at ~2680 cm−1) peaks.
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All these techniques evaluate the sample at single and punc-
tual spots. This highlights a very crucial challenge which is 
common to the characterization of all nanomaterials. That is, 
the analysis and characterization techniques are limited in the 
size/areas they can analyze. Then, for a general overview sev-
eral random points of representative samples have to be evalu-
ated and analyzed. However, with the Raman spectroscopy 
these limitations can be minimized working with mapping 
modes that scan larger areas (50 × 50 µm2, 200 × 200 µm2, or 
larger), but will not be tackled in this chapter.

The characterization process will be part of the descrip-
tion of each step as it will help to elucidate between the best 
experimental options, becoming an extremely useful tool for 
all the discussions.

1.2.1 Cu Foil and CharaCterization

The first element to be taken into account when transferring 
graphene grown by CVD is the copper foil. Although the first 
catalyst for graphene growth described in the literature, in a 
pioneering work from Kong et al.44 was nickel, Li et al.4,31 sub-
sequently described the growth of graphene flakes on a copper 
bulk which paved the way for copper to be the main catalyst 
used for graphene growth. Nowadays, the most employed Cu 
substrate is a 25 µm thick foil 99.8% metal basis. This work 
has been done growing graphene on AlfaAesar copper foil 
25 µm thick, purity of 99.8%.

Figure 1.5 shows (a) the SEM image and (b) the optical 
image of the copper foil used here, where it can be basically 
observed the wrinkles of the substrate. An interferomet-
ric microscopy characterization (Figure 1.5c) demonstrated 
the high roughness of the catalyst. It was calculated as 
Sq = 117 ± 20 nm and as Rq = 122 ± 40 nm. This information 
is important because, as shown before by Li et al.4 the gra-
phene obtained and also the polymer deposited over the gra-
phene during the transference due to their conformal behavior 
both replicate this topography. So, this must be taken into 
account to guarantee a successful transfer.

1.2.2 Graphene SyntheSiS and CharaCterization

The CVD growth process used in this study begins with the 
cleaning of the Cu foil with acetic acid, then rinsing with DI 
and followed by acetone, DI, and finally isopropyl alcohol 
(IPA) cleaning. The dimensions of samples were 2 × 2 cm2. 
The graphene growth conditions are 750°C, 2 sccm H2 for 
10 min and at 800°C, 25 sccm CH4/H2 for 5 min.

In order to remove the thin layers of copper oxide from 
the surface of the metal, a cleaning step is necessary. For that 
purpose, before the growth step an annealing is performed to 
clean the surface of the copper foil.

Figure 1.4 shows (a) the SEM image and (b) the optical 
image of the graphene obtained. In both the typical image of 
graphene grown on polycrystalline copper can be observed, 

(a) (c)
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FIGURE 1.5 (a) Typical SEM image and (b) optical image of copper foil. (c) Interferometric microscopy image for the characterization of 
the roughness of the initial copper substrate.
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and so, the wrinkles of the initial copper foil. The uniformity 
of the graphene films can be qualitatively evaluated via color 
contrast of the different grain domains of the metal. First of 
all, to obtain crackless transferred graphene films, the as-
grown graphene on Cu should be continuous and without 
cracks. The SEM image denotes a continuous large graphene 
area obtained for the described process. The presence of 
 nonuniform dark flakes indicates that each gray tone corre-
sponds to the different number of layers (the more graphene 
layers, darker is the flake.) The thickness variation is more 
clearly seen in the SEM images. A random analysis of Raman 
spectra (Figure 1.4c) denoted that the graphene grown in 
this work has as its dominant characteristic bilayer graphene 
(BLG) because the ratio of 2D to G peak intensities for these 
samples is in the range of 0.9–1.6. In the literature it is also 
possible to distinguish other types of graphene layers: the sin-
gle layer graphene (SLG), the few layered graphene (FLG) for 
those which have between 3 and 10 layers, and the multilayer 
graphene (MLG) for those which have more than 10 layers. 
The G-to-D peak ratio, that means the graphene defectivity, 
shows an average ratio of 0.1.

1.2.3 FlatteninG (FrepeCte)

The manipulation of this thin layer is extremely important as 
any wrinkle, crack, or surface mechanical modification may 
break the graphene layer deposited onto the copper. For that, 
the planarity of the copper foil is extremely relevant in all steps. 
During the growth step, the graphene replicates the substruc-
ture of the copper, then, in the deposition of the  polymer (step 
3) the uniformity confers a solid structure polymer– graphene, 
and finally, in the etching (step 4) the chemical attack becomes 
more uniform; therefore, a flattening step before each process 
will improve the transfer process, making it more effective.

Two different methods can be used for flattening, the 
“rolling” process and the “glass slide flattening.”45 The first 
one, although it is very simple and, at first sight, could seem 
extremely efficient, can bring about some tensions in the 
copper foil resulting in a possible bending of the sample. 
Moreover, this may cause many cracks in the final transferred 
sample. Furthermore, the rolling effect on the copper surface 
forces the graphene to follow the microstructure of the metal 
and leading to the mentioned cracks shown in the left SEM 
image in Figure 1.6. Alternatively, the second method consists 

(a)

20 µm 1 µm

(b)

FIGURE 1.6 (a) SEM image of the cracks produced by the “rolling process” to flatten the Cu foil in comparison with (b) the two glass 
slides flattening, which minimizes this problem.
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of the use of two glass slides that become the perfect flatten-
ing tool by just sandwiching the sample between them and 
pressing the two glass slides.45 A descriptive image in Figure 
1.6 shows the differences between the two methods.

To improve this method described in the literature a very 
useful trick has been implemented by inserting photograph 
paper between the two glass slides. Consequently, the grat-
ing between the glass and the graphene grown on the cop-
per foil is minimized and the graphene remains protected. 
This procedure will be repeated along the whole transfer-
ring process, as the copper foil should be flattened before 
each step.

However, prior to flattening the copper foil, one should 
take care in its manipulation. Specifically, cutting a 25 µm 
thick Cu foil using scissors is not a straightforward process. 
In fact, although it can be done, an effect of plate shear may 
result, leading to severe wrinkles in both the copper foil and 
the graphene layer. Then, the best way to cut metal foil, if a 
smaller piece is desired, is by using a specific tool for metal 
cutting, such as pliers.

1.2.4  reverSe-Side Graphene layer 
removal (FrepeCte)

The growth of graphene by CVD30,31 on a copper foil, is usu-
ally two-sided,53 although the mechanism of this phenomenon 
is already under discussion. According to this statement, the 
next required step after flattening the copper surface is to 
remove the graphene from the reverse side of the copper film. 
To achieve this goal, there are plenty of methodologies already 
described in the literature which are mainly divided in two 
categories: the sandpaper method (or polishing method4) and 
the etching method. In this section, the etching method will 
be referred to as chemical elimination so as not to be confused 
with the subsequent copper layer etching.

Actually, the sandpaper (polishing) method is inappro-
priate, not just for being ineffective in the elimination of 
the undesired graphene layer, but for the wrinkles that can 
be easily created during the manipulation of the copper foil. 
Furthermore, the surface became uneven as can be observed 
in the image (Figure 1.7) which can be detrimental for the 
next etching step in the FRePECTE process.

The other method used to remove the graphene from the 
reverse side, referred to as chemical elimination, is also widely 
reported in the literature. There, different chemical solutions 
for etching are used, but in all of them tend to use acid solu-
tions.45 Before proceeding with this step, some precautions 
have to be taken. If the chemical cleaning is performed in a 
basket (or a spoon) immersed in a Petri dish containing the 
solution, the sample will float and can be easily transferred 
from the chemical solution dish to a DI water bath in order 
to clean the acidic residues. However, if tweezers are used to  
ransfer the sample from one Petri dish to the other, the rest 
of the acid that may remain on the tweezers could eliminate 
some parts from the reverse side. If only tweezers are used, an 
alternative strategy is to invert the steps by first depositing the 
polymer layer of protection (invert steps 2 and 3).

In addition to these two principal methods, another pro-
cess consisting of the application of plasma oxygen54,55 to the 
sample is described in the literature. However and similarly to 
CVD graphene growth, it is extremely difficult to control the 
elimination for only one side.

1.2.5 polymer proteCtion (FrepeCte)

Graphene has exceptional mechanical properties. It has a 
stiffness literally “off the charts” when compared with other 
materials; however, the manipulation of the single/bilayer 
(less than 1 nm thick) of graphene achieved after etching the 
copper foil in a further step can become a nightmare for gra-
phene users. Hence, the deposition of a polymer protection 
layer over the graphene is crucial to confer some mechanical 
stability and to avoid its damage. In fact, it would be desirable 
to avoid the polymer protection but it is almost impossible 
to handle the ultrathin graphene layers from one solution to 
another.

A wide variety of protection layers can be found in the 
literature, starting from different polymers (PDMS, poly-
styrene, polyisobutylene, Teflon),30,46,56,57 different polymer 
densities,55,58 and different thicknesses.39,45 In Table 1.1, a 
summary of the most representative polymers along with their 
deposition conditions reported in the literature is shown. The 
extensive amount of different procedures make impossible to 
test all of them, however, the most relevant ones have been 
tested and will be also commented on.

Currently, great efforts are being made in order to transfer 
graphene polymer-free.41,59,60 It has been demonstrated that 
the presence of polymer residues introduced during the trans-
fer can nearly decrease 2× the average mobility from 2700 to 
1400 cm2/Vs.61,62 So, the approximation of avoiding the pres-
ence of the polymer coating is feasible. All these comments 
denote that clean graphene transference is still an important 
and hot topic under investigation.

Among the large variety of polymers that can be found 
in the literature, the most utilized is polymethylmetacrylate 

Graphene on
reverse side of

Cu foil

Polishing method

Chemical elimination

100 μm

200 μm 50 μm

50 μm200 μm

FIGURE 1.7 Microscope image of graphene grown on the reverse 
side of the copper foil (left image). Microscope image of copper foil 
after application of polishing method (top right images) and chemi-
cal elimination (bottom right images).
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(PMMA). This polymer confers some rigidness to the gra-
phene layer without losing its inherent flexibility. Furthermore, 
its final removal using acetone is much cleaner than in the 
case of PDMS, where some residues are usually left after 
its elimination. In the bibliography some authors describe 
the use of different PMMA densities such as the 35, 950A2, 
950A4, 950A7 type. These differences refer to the reticulation 
of the polymer and its solvent proportion, a fact that affects 
the rigidness or flexibility and the thickness of the protection 
layer. Moreover, the spin coating velocity employed to deposit 
the polymer allows to accurately deliver the final thickness 
of this protection layer, enabling a wide variety of available 
thicknesses for each polymer. For example, PMMA (950A2 
type) layers with thickness ranging from 100 nm to 1 µm are 
obtainable depending on the spin coating velocity.

As expected, the yield achieved during this process is not 
the same for all the different conditions. For example, one of 
the advantages of protecting the graphene with the PMMA 
950A7 type (the most dense) is that the high density of the 
polymer, as well as its weight, keeps the sample flat toward 
the glass situated over the chuck avoiding the sample from fly-
ing away when spinning. It is also noticeable that the thicker 
PMMA (950A7 type) spun at 1500 rpm for 30 s and then at 
3000 rpm for another 30 s (approximately 700 nm) facilitates 
the transfer from one Petri dish to another. An inspection 
with the optical microscope shows less cracks and more con-
tinuity in the sample. The disadvantage of using this thick 
polymer is that the subsequent removal with acetone would 
be longer and also more residues could be found in the final 
transferred sample. By using the PMMA with lower organic 
PMMA chains (35), the less dense option, the manipulation is 

not so easy if one layer is deposited. So, an optimum number 
of polymer layers are to be deposited one over the other to 
facilitate the sample manipulation. However, this option has 
the advantage that shorter polymer chains are easily removed 
and fewer residues are found.

After the spin coating, the solvent contained in the polymer 
has to be removed. For that, the samples are left on a hotplate 
at 180°C for 1.5 min time, depending on the polymer used.

It has to be taken into account that during the spin-coating, 
some polymer can leak to the bottom of the sample impeding 
the further etching of the copper. Thus, if the sample presents 
some polymer at the bottom, it should be cleaned with a paper 
soaked in acetone, being especially careful to not remove the 
polymer of the graphene side.

1.2.6 etChinG (FrepeCte)

The etching is the step where the metal layer is removed, leav-
ing only the graphene attached to the polymer. It is performed 
in a solution, so after removing the whole metal, the graphene 
freely floats in the solution being ready to be transferred. The 
bibliography describes many etching solutions, with different 
compositions, using iron nitrate, iron chloride, ammonium 
persulfate, etc. This step may be the one with more diverse 
procedures. Therefore, the most relevant employed etchants 
along with the observations on the followed method are sum-
marized in Table 1.2. Among them, we will focus on FeCl3, 
which is the best etching solution that has been tested. FeCl3 
is a Lewis acid that acts as an oxidant in contact with cop-
per. Then, the copper is oxidized as shown in Equation 1.1 
resulting, first, in CuCl, and then in CuCl2, transforming the 
copper metal layer to a solution of copper chloride. FeCl3 in 
contact with water should convert into a hydroxide Fe(OH)3 
that should precipitate, but instead, it forms a colloidal red–
orange solution that allows the oxidation of the copper.

 

FeCl Cu FeCl CuCl

FeCl CuCl FeCl CuCl

3 2

3 2 2

+ → +

+ → +  

(1.1)

TABLE 1.2
Conditions of Etching (Step 5) and Their 
Corresponding References

Reference Etching Conditionsa

Tao et al.55 (NH4)2S2O8 Etching

Liang et al.49 Fe(NO3)3 0.7 M

Li et al.4 Fe(NO3)3 0.05 g/mL, 12 h

Ren et al.40 Fe(NO3)3 3 g/mL

Chen et al.53 FeCl3 1 M, 1 h

Suk et al.54 FeCl3 0.05 M

De la Rosa48 NaOH Electrochemical delamination

Gao et al.64 – Electrochemical delamination

Wang et al.57 K2S2O8 Electrochemical delamination

a Conditions extracted from the cited manuscripts.

TABLE 1.1
Conditions of Deposition Polymers and Their 
Corresponding References

Reference Polymer Conditionsa

Lin et al.59 Polymer-free –

Lock et al.41 Polymer-free –

Martins et al.60 Polymer-free –

Tao et al.55 PMMA 200 nm

Liang et al.49 PMMA 950A4, 300 nm, 1 spin

Li et al.4 PMMA 996,000 powder, 46 mg/mL 
in chlorobenzene

Her et al.56 PMMA PMMA film

Ren et al.40 PMMA One small drop of PMMA

De la Rosa et al.48 PMMA 2000 rpm, 160°C, 5 min 
curing

Chen et al.53 PMMA 996,000 powder

Suk et al.54 PMMA 240 mg/mL, 4000 rpm, 30 s

Mattevi et al.30 PDMS PDMS or PMMA thin film

Kim et al.50 PDMS PDMS stamp

Song et al.51 Release polymer PS, PIB, Teflon +PDMS 
stamp

a Conditions extracted from the cited manuscripts.
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Equation 1.1 shows the reaction of iron chloride with cop-
per that takes place in step 4, the Cu etching.

The etching process is not always uniform as sometimes 
the attack of the FeCl3 dissolves only some areas of the cop-
per foil leaving the graphene exposed to the solution more 
often than in other regions. In Figure 1.8, there are two optical 
images where this difference can be observed. The black spots 
correspond to the remaining Cu metal after an incomplete 
etching. This fact seems to debilitate the graphene layer, so 
equilibrium between the concentration and the etching time 
is crucial. Consequently, a good compromise for Cu etching 
could be the solution of FeCl3 0.2 g/mL, that attacks almost 
all the copper foil in a half an hour.

It is also important to denote that the flattening here is cru-
cial to minimize incomplete copper etching. However, as the 
graphene follows the own Cu roughness, it has been observed 
that a complete Cu elimination is difficult.

Another method to etch copper foil described in the litera-
ture consists of an electrochemical delamination of the gra-
phene.54,63,64 Here the copper foil is used as an electrode such 
that when a potential is applied, brings about a soft bubbling 
in order to detach the graphene/PMMA bilayer. The cathodic 
polarization of the copper at a negative potential (−5 V) allows 
the reduction of the water in the solution (potassium persul-
fate) to produce a gentle hydrogen stream while the persulfate 
simultaneously oxidates the copper to a small degree. This 
method seems to be very clean and allows reuse of the copper 
foil, because the oxidation is only superficial and extremely 
soft. However, the required set-up is not obvious and the con-
trol of the bubbling to avoid the tear of the sample is not so 
easy.

1.2.7 CleaninG (FrepeCte)

The cleaning step is extremely important and it can be critical 
depending on the further application of the graphene layer. 
If the graphene is going to be used for microelectronics, any 
impurity can affect the mobility of the electrons, so “doping” 
elements should be avoided. For other applications the sur-
face cleaning of the layer may not be as important. Anyway, 

elimination of the etching solution must be performed using 
DI water; usually 4–5 cleanings with water lead to usable gra-
phene layers.

If most exhaustive cleaning is required a wide variety of 
cleaning solutions can be found in the literature, starting from 
the simple DI water mentioned above to the most intricate 
cleaning solutions. In all cases, once the copper etching is 
finished, transferring of the sample to the desired cleaning 
solution must be carried out using a spoon, a basket, or a piece 
of wafer.

The results of graphene transferred from different clean-
ing solutions have been characterized by Raman spectros-
copy in order to elucidate which one should be the best. It 
has to be mentioned that the use of water to rinse the sample 
between each cleaning solution is obvious and necessary. 
The most relevant cleaning solutions described in the litera-
ture and tested here are the RCA clean (a standard set of dif-
ferent combined solutions typically used in microelectronics) 
and the use of a hydrochloric acid diluted solution. The HCl 
cleaning, that is one of the most extensively used methods, 
has been performed and evaluated. From the results obtained 
it can be concluded that it really seems to eliminate some 
iron dots that remained on the graphene layer after its etch-
ing. Also, some copper dots can be observed and are only 
detectable under the optical microscope, but can severely 
interfere in the characterization of the graphene layer.

A modified RCA treatment has also been carried out. 
This cleaning process has two steps consisting of the use of a 
solution of hydrogen peroxide mixed with hydrochloric acid, 
and a second cleaning that consists of a hydrogen peroxide 
and ammonia solution. Whereas the first solution seems to 
work perfectly, the second one, that is a redox reaction, pro-
vokes some bubbling due to nitrogen liberated from the oxi-
dation of the ammonia. This effect causes some damage to 
the graphene-PMMA structure, and albeit it really seems to 
be cleaner, the damage brought about is significant. The use 
of this method for cleaning therefore is quite controversial, 
because the disadvantages seem to be higher than the advan-
tages. A brief listing of the most common cleanings is pro-
vided in Table 1.3.

(a)

30 μm 30 μm

(b)

FIGURE 1.8 Optical images of (a) an incomplete Cu etching and (b) a more uniform etching. The black spots are Cu metal remaining 
after the FeCl3 etching.



12 Graphene Science Handbook

The cleaning step must not degrade the graphene layer, and 
this can be controlled by using Raman spectroscopy. Figure 
1.9a shows typical Raman spectra (Raman obtained after the 
polymer removal) of graphene that has been transferred. As 
explained before, the disorder in a graphene monolayer can be 
quantified by analyzing the intensity ratio between the disorder 
D band and the G band (ID/IG), so, a higher ID/IG value indicates 
more defects in the graphene. Figure 1.9b and c shows a com-
parison of the ID/IG ratio between the samples cleaned with the 
RCA method, HCl and DI. All these graphene samples were 
treated from the same Cu growth substrate, thus it is reason-
able to think that they initially have the same defect density. 
As can be observed, the three cleanings (RCA, HCl, and DI) 
have a similar ID/IG ratio, ranging from 0.1 to 0.3. Therefore, 
it can be concluded that the cleaning process does not notice-
ably increase the density of defects due to the chemical treat-
ment (initial value 0.1), and so, the quality of graphene is not 
degraded significantly. As expected, the initial I2D/IG charac-
terization matches with the one in this step, ranging from 0.6 
to 1.3, which confirms the presence of BLG.

1.2.8 tranSFer (FrepeCte)

After the described steps, the entire process of FRePECTE 
is almost completed. There is only one step left before the 

polymer removal which is the deposition of the graphene layer 
onto the desired substrate, the step of transfer itself.

The different substrates onto which the graphene has been 
transferred can be rigid or flexible. The rigid supports used 
are Pyrex and silicon wafers both coated with 300 nm of sili-
con oxide (SiO2). On the other hand, the employed flexible 
supports are different thermoplastics like cyclo olefin polymer 
(COP) and polyethylene terephthalate (PET), and the negative 
photoresin SU8 (widths ranging from 50 to 200 µm); however, 
other polymeric supports could be also effective.

In this step the treatment of the final substrate is crucial. 
A correct hydrophilization of the surface is necessary to allow 
the perfect attachment of the graphene onto the substrate. In 
the case of rigid substrates, the cleaning and activation is per-
formed by subsequent dips in acetone, isopropanol, ethanol, 
water, and finally in a piranha solution (3:1 mixture of con-
centrated H2SO4 and H2O2) for a few minutes. Nevertheless, 
in the case of flexible substrates the only method to hydro-
philize the support without damaging the surface too much 
is the corona treatment, which produces plasma generated 
by the application of high voltage that generates ozone from 
the air. Some articles describe the activation of the polymer 
surface with a plasma treatment, this is effective too, but the 
plasma procedure can be longer than the corona treatment that 
has the transfer sample ready in just one minute. The hydro-
philization step was checked by contact angle.65 Without this 
activation step of the substrate surface, the graphene barely 
gets stuck on the surface.

When the transfer using a flexible polymer as substrate is 
performed, it is easy to handle if placed on a piece of wafer 
or other rigid substrate for better manipulation. The transfer 
can be either performed by holding the rigid substrate with 
tweezers or by situating the substrate on the basket in order to 
“fish” the sample, and in the case of polymers, tweezers are 
suggested because of their floatability.

When the graphene–polymer layer is located onto the new 
surface, some residual water remains between the sample 
and the substrate. This can be an advantage because it allows 
moving the sample to the right place. This is even helpful if 
the graphene layer is wrinkled because it can be dipped again 
in the water to locate it in the correct place. However, once the 
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FIGURE 1.9 (a) A typical Raman spectra of transferred graphene. (b) The comparison results of the integrated Raman intensity ratio 
 ID/IG and I2D/IG between a sample transferred with a standard DI cleaning (⚫), an RCA (◂), or an HCl cleaning (▪). All samples have been 
transferred from the same graphene–Cu substrate.

TABLE 1.3
Conditions of Cleaning (Step 6) and Their 
Corresponding References

Reference Cleaning Conditionsa

Liang et al.49 RCA (1) H2O2 + HCl (2) H2O2 + NH4OH

Her et al.56 RCA Modified RCA

Ren et al.40 HCl 10% HCl, 60°C, 30 min

Chen et al.53 HCl Water DI + HCl 10%, 60°C, 30 min

Suk et al.54 DI water –

Tao et al.55 DI water –

a Conditions extracted from cited manuscripts.
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graphene is correctly positioned, the water placed in between 
should be eliminated. Some authors have described the evapo-
ration of the water by the use of a hotplate. In the case of flex-
ible substrates a limitation in the temperature defined by its 
glass transition temperature (Tg) has to be taken into account. 
This threshold cannot be achieved, because polymer could 
flow through the graphene sample and could even passivate it. 
In other papers, a flow of nitrogen stream to displace the water 
under the graphene layer is also described; but our experi-
ence finds that some tensions can be observed in the sample. 
Nevertheless, it has been found that for both rigid and flexible 
substrates, the best way to eliminate the water is to leave the 
samples to dry overnight, and just wait for the evaporation of 
the water by itself. This longer time confers a slow accom-
modation of the graphene layer onto the substrate, minimiz-
ing the wrinkles that can result in the previously mentioned 
methods.

To avoid these wrinkles, a second spinning of PMMA is 
performed,4 in some publications, but in our experience the 
same result has been observed if the sample is left to evapo-
rate overnight.

1.2.9 polymer elimination (FrepeCte)

Finally, once the graphene layer is situated on the desired sub-
strate, only the elimination of the polymer protection layer 
has to be performed. The PMMA used to coat the graphene 
is another possible contamination source of the top surface.

For the polymer removal, the sample should be preferably 
horizontally positioned in a Petri dish (or a beaker) for few 
minutes under acetone,4,66 to avoid the sliding of the sample 
through the surface. Depending on the thickness of the depos-
ited PMMA protection layer, its elimination will be faster or 
slower. For example, when using a thick PMMA (950A7 type, 
700 nm), its elimination would take place in about 1–2 min; 
on the other hand, only a few seconds is necessary if the 
employed PMMA is the thinner one (35 type, 300 nm).

Sometimes the elimination is not perfectly completed 
and small residues of PMMA (which look like a white layer 
under eye inspection) are left over the graphene. In this case, 
a longer cleaning with acetone (30 min) or a second clean-
ing with isopropanol should be carried out, and if this white 
layer still persists, tetrahydrofuran (THF) could be used to 
eliminate any trace of polymer. At this point we should warn 
about the use of the THF. This solvent is very effective to 
remove the PMMA, but long dips in THF can damage the 
sample and also favor the detachment of the graphene layer 
from the transferred support. Moreover, another issue must 
be taken into account as the THF is chemically incompatible 
with COP, dissolving it at all. Therefore, when using COP as 
a flexible substrate only acetone and isopropanol are recom-
mended, for other polymers chemical compatibility should be 
considered.

To check if the polymer is totally eliminated from the gra-
phene layer, optical microscope inspection should be carried 
out. The polymer shows a variety of colors (like a rainbow, 
see Figure 1.10) due to the refracted light, a fact that facilitates 
the detection of polymer traces.

Alternative methods to enhancing graphene electrical 
properties can be found in the literature. To remove the poly-
mer coating by burning it off, for example, thermal or current 
annealing (with or without forming gas) helps the elimination 
of the residual organic layer that comes from the polymer.39,67

 Recent advances in this field are underway because the 
remaining polymer residues after organic solvent rinsing can-
not be effectively removed by empirical thermal annealing in 
vacuum or forming gas. Gong et al.68 demonstrate that CO2 
outperforms other oxidative gases (e.g., NO2, O2) because of 
its moderate oxidative strength to remove polymeric carbons 
efficiently at 500°C in a few minutes while preserving the 
underlying graphene lattice.

Choi et  al.69 recently presented an alternative approach 
to directly clean the graphene surface, and demonstrate that 
electrostatic interactions can remove charged impurities. 

200 μm

100 μm

100 μm

FIGURE 1.10 Left images correspond to the PMMA layer on the graphene surface. The rainbow color observed through optical microscope 
inspection denotes the presence of the polymer. Right image corresponds to transferred graphene cleaned with acetone and isopropanol.
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In this study, extremely fine cloth fibers are used to apply 
electrostatic-force cleaning (EFC) to a graphene surface by 
removing the residual PMMA-G layers, yielding an intrinsic 
graphene surface without causing damage to the structural 
integrity.

The proposed polymer elimination procedures can be 
found in Table 1.4.

Graphene’s properties are strongly influenced by its 
immediate environment, including any residue polymer 
film, and any adsorbed molecules. Physisorbed molecules on 
 graphene surfaces modify the electrical and thermal prop-
erties. Depending on the final application of the transferred 
graphene (i.e., field-effect transistors) the polymeric residue 
highly influences the electrical performance of the graphene 
fabricated device. If the mobility of the electrons is not cru-
cial, this step can be avoided.

It has been demonstrated that a PMMA solution with lower 
concentration gave less residue after exposure to acetone, 

TABLE 1.4
Conditions of Polymer Elimination (Step 7) and Their 
Corresponding References

Reference
Polymer 

Elimination Conditionsa

Reina et al.66 Wet etching Slow acetone flow

Li et al.4 Wet etching Acetone

Her et al.70 Wet etching Acetic glacial, 24 h

Suk et al.39 Annealing 400°C with Ar (~500 sccm) and H2 
(~500 sccm) for ~1 h

Lin et al.67 Annealing H2/Ar two-step annealing at 200°C for 2 h

Gong et al.68 CO2 500°C in a few minutes

Choi et al.69 Fine cloth fibers Gliding the rubbing cloth at moderate height 
above the pristine graphene

a Conditions extracted from the cited manuscripts.
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resulting in less p-type doping in graphene and higher charge 
carrier mobility.

Finally, the FRePECTE process is complete and the layer 
of graphene is located on the desired surface with the spe-
cific requirements necessary for the application wanted. In 
Figure  1.11, there are some pictures of the transferred gra-
phene. Top left and right images are graphene (approximately 
1 cm2) transferred onto a flexible support of COP, and in the 
right one the flexibility and transparency of this substrate is 
exhibited. The bottom left optical microscope image and bot-
tom right SEM image of this transferred graphene shows a 
continuous graphene layer throughout the sample, with mini-
mal cracks and wrinkles in the surrounding area.

1.3  COMPARING FREPECTE WITH 
“ROLL TO ROLL” (R2R)

A chapter based on graphene transfer should not forget 
the “roll to roll”38 process, so some considerations regard-
ing this process are covered in this section. As with the 
FRePECTE process, the “roll to roll” process is not a single 
procedure; it is a compendium of several steps with a final 
objective of transferring the sample from one substrate to 
another.

The “roll to roll” process is the best method, at the 
moment, to perform large-scale continuous transferring. It is 
based on the thermal release tape method used in industry for 
several applications and because of its easy scalability, allows 
its implementation in manufacturing processes. Only a few 
modifications are necessary to successfully adapt the thermal 
tape technique to the different steps of the complete graphene 
transferring process that have been described in the previ-
ous section, making the “roll to roll” process one of the best 
candidates for large-scale graphene transfer in the industry. 
However, this method is difficult to implement in a regular 
laboratory which makes this method unsuitable for the main 
goal of this chapter that is to offer a complete and detailed 
guide of the several options described in the literature, and 
also their advantages and disadvantages.

1.4 CONCLUDING REMARKS AND PROSPECTS

Graphene transfer is critical for the successful fabrication of 
graphene devices. As shown here in this chapter, multiple 
transfer approaches are still being developed, however, an 
optimal solution is still not available.

The aim of successful graphene transference is to preserve 
the quality of the synthesized material. It has been demon-
strated that the transfer can affect the graphene quality, and 
this assertion is undeniable. However, in this chapter, it has 
been stated that there are many ways to find the best option 
that fits with the graphene quality needed for the desired appli-
cation. Each application requires different graphene proper-
ties, mobility, and even defects. Only the correct choice of the 
transfer procedure will lead to obtaining adequate graphene 
quality. This chapter describes the transfer based on the use of 
PMMA and notes the various difficulties of the different steps 

of a transfer. The knowledge encapsulated here can be used 
to improve all the different steps and finally to find a better 
transferred graphene.

The final aim of a good transfer is to have the same qual-
ity of graphene transferred onto a different substrate than 
from the grown graphene on a copper foil, but the ability of 
the users is crucial. The automation of all the steps would 
definitely improve the repeatability of the transfer process 
but in the meantime, this chapter will help to have the best 
transferred graphene that can be achieved with the available 
tools.
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2 Fabrication Considerations 
for Graphene Devices

Gregory Burwell and Owen J. Guy

ABSTRACT

Graphene is currently being investigated for use in a wide 
range of applications, and the capability of patterning the 
material efficiently and consistently is therefore a necessity. 
Although graphene may be patterned using standard litho-
graphic methods, care needs to be taken when processing 
the 2D material with certain polymer resists. For example, 
photoresist layers coated onto graphene for processing may 
not be completely removed during development. Even small 
amounts of residue may adversely affect the performance of 
graphene devices unless steps are taken to completely remove 
residues.

Metal contacts to graphene devices are another important 
design consideration. The formation of an Ohmic contact, 
crucial for most electronic devices, can be nontrivial on a 2D 
material. Furthermore, graphene is readily doped by metal 

contacts, and different metals can effect either p- or n-type 
doping in graphene.

This chapter is aimed at researchers, interested in using 
graphene devices, who are unfamiliar with standard process-
ing techniques applied to the fabrication of graphene devices. 
Device fabrication follows a process flow, which though stan-
dard for most semiconductor devices, requires some adapta-
tion for processing of graphene devices. Standard lithographic 
techniques to pattern graphene, together with considerations 
when using different photoresists are reviewed. Formation of 
metal contacts with low contact resistance (RC) to graphene is 
also reviewed.

2.1 INTRODUCTION

The fabrication of exfoliated graphene in 2004 was the begin-
ning of extensive research into the use of the material. Graphene 

CONTENTS

Abstract ....................................................................................................................................................................................... 19
2.1 Introduction ....................................................................................................................................................................... 19
2.2 Graphene Production ......................................................................................................................................................... 20

2.2.1 Mechanical Exfoliation from Graphite .................................................................................................................. 20
2.2.2 Epitaxial Growth on Silicon Carbide .................................................................................................................... 20
2.2.3 Chemical Vapor Deposition ................................................................................................................................... 22
2.2.4 Substrate Transfer Techniques ............................................................................................................................... 22
2.2.5 Transfer of Epitaxial Graphene Grown on SiC ..................................................................................................... 23
2.2.6 Substrate Selection ................................................................................................................................................. 23

2.2.6.1 Gate Dielectric ........................................................................................................................................ 24
2.3 Lithography ........................................................................................................................................................................ 24

2.3.1 Electron Beam Lithography ................................................................................................................................... 24
2.3.1.1 Proximity Effect...................................................................................................................................... 24

2.3.2 Photolithography .................................................................................................................................................... 25
2.3.3 Resists .................................................................................................................................................................... 25

2.3.3.1 Resist Removal from Graphene .............................................................................................................. 25
2.3.4 Etching and LER ................................................................................................................................................... 26

2.4 Alternative Lithographic and Lithography: Free Methods ................................................................................................ 26
2.4.1 Soft/Nanoimprint Lithography .............................................................................................................................. 26
2.4.2 Lithography-Free Methods .................................................................................................................................... 26

2.5 Metal Contacts ................................................................................................................................................................... 27
2.5.1 Contact Doping of Graphene ................................................................................................................................. 27
2.5.2 Measuring Contact Resistance (RC) ....................................................................................................................... 27
2.5.3 Improving Contact Resistance ............................................................................................................................... 28

2.6 Summary ........................................................................................................................................................................... 29
Acknowledgments ....................................................................................................................................................................... 29
References ................................................................................................................................................................................... 29



20 Graphene Science Handbook

can be produced in a number of ways, which vary in cost and 
the quality of the material produced. When considering gra-
phene for a given application, it is vital to choose a production 
technique that is appropriate for the final device. When consid-
ering electronic devices, typically the choice will be between 
exfoliated graphene, chemical vapor deposition (CVD) on tran-
sition metals, and epitaxial graphene on SiC. Exfoliated gra-
phene will produce devices with the highest carrier mobilities, 
but the exfoliation process is limited in terms of its scalability. 
CVD graphene is scalable, but requires transfer to an insulating 
substrate. Epitaxial growth on SiC can yield high quality mate-
rial, and can be grown on an insulating substrate. However, 
substrate interaction between the epitaxial graphene layer and 
the SiC substrate can affect the electronic structure.

Generally, the underlying substrate can affect graphene 
device performance. Exfoliated graphene flakes or CVD gra-
phene are typically transferred onto Si/SiO2 substrates, but 
interaction with the substrate limits the practically obtainable 
electron mobility to around 15,000 cm2 V−1 s−1 compared to 
theoretical values of over 200,000 cm2 V−1 s−1. Alternative 
substrates, such as hexagonal boron nitride (h-BN), offer 
atomically flat surfaces with no charge traps, contrary to the 
charge traps and roughness observed when using SiO2.

Researchers from a broad spectrum of backgrounds have 
reported the utilization of graphene in a number of key publi-
cations [1]. Many of these report the unusual and superlative 
properties of graphene, and others describe the use of gra-
phene in electronic [2], optical [3], and mechanical [4] devices.

Whatever the scope of the research, the majority of these 
devices use fabrication techniques developed for semicon-
ductor (Si) processing. Although these techniques are mature 
technologies, their use for graphene processing is relatively 
recent. The design ethos of CMOS process flows considers 
the substrate as a bulk (albeit thin) material. Using these tech-
niques to process graphene, which is just a few atomic layers 
thick, requires some adaptation.

Patterning graphene devices is typically performed using 
electron beam lithography (EBL) or photolithography. EBL is 
versatile and can produce very small features (around 10 nm), 
but has very low throughput. Photolithography is a high-
throughput technique for wafer scale patterning, but requires 
a photomask and is limited to feature sizes of greater than 
350 nm (for Hg lamp sources). Other lithographic techniques, 
such as laser lithography and nanoimprint lithography (NIL), 
are viable alternatives.

Both photolithography and EBL require the use of a resist 
for patterning. Due to its physical and electronic structure, 
graphene is sensitive to adsorbates, and is more acutely influ-
enced by moieties covalently bonded to the graphene lattice 
[5], which can open mid-gap states in the electronic structure 
and reduce electron mobility. Resist residue left on the surface 
can thus affect device performance. Removal of residue is 
therefore an important processing step for graphene devices. 
This can be done by annealing in vacuum or inert gas, resis-
tive annealing, or by chemical processing.

Electronic devices require metal contacts for carrier injec-
tion. For electronic applications, high contact resistance (RC) 

between the metal contact and underlying graphene can limit 
device performance. The presence of the metal contact can 
dope graphene, and the type of doping can be either p or n, 
depending on the material used.

After patterning, graphene devices are etched by oxygen 
plasma. Although the etch process is highly anisotropic, 
line edge roughness (LER) can be high due to the lithogra-
phy technique used. For nanoscale devices, LER becomes an 
increasingly important consideration due to its effect on band 
gap variations and phonon interactions.

An outline of a typical sample process flow is shown in 
Figures 2.1 and 2.2. Graphene is produced, for example, using 
CVD on a Cu substrate. The graphene film is then transferred 
using a polymer onto an insulating substrate. A layer of resist 
is applied, and contacts are patterned using EBL. The metal 
contacts are evaporated and excess material is removed by 
lift-off. Another layer of resist is applied, and the graphene 
devices are patterned. Graphene is etched by oxygen plasma, 
and excess resist is removed.

In this chapter, various aspects of graphene device process 
flows are considered. Emphasis is placed on the fabrication 
of electronic devices, as these are the most widely studied 
structures, but the principles outlined here are applicable to 
mechanical and optical devices as well.

2.2 GRAPHENE PRODUCTION

Since the demonstration of exfoliated graphene in 2004, a 
number of graphene production methods have been demon-
strated. These include CVD on metal substrates, epitaxial 
growth on SiC, chemical exfoliation, unrolling of carbon 
nanotubes, and other related techniques. Three techniques 
are briefly summarized below that are suitable for high- 
performance device fabrication (Table 2.1).

2.2.1 meChaniCal exFoliation From Graphite

Mechanical exfoliation of graphite is perhaps the best-known 
method of graphene production, due to its accessibility and 
the award of the Nobel Prize to its discoverers. Novoselov 
et  al. described the process in 2004—a piece of highly 
ordered pyrolitic graphite (HOPG) is repeatedly cleaved using 
adhesive tape [6]. The resulting pieces are deposited onto an 
appropriate substrate.

It should be noted that it is not so much the exfoliation 
process, but the optical identification of individual monolay-
ers that has made graphene science possible. This is possible 
by using Si/SiO2 substrates with the appropriate thickness 
(~300 nm). When the oxide thickness is in this range, the gra-
phene layer forms a Fabry–Perot cavity, which gives a visible 
difference in contrast, enabling location of exfoliated gra-
phene flakes on the substrate [7].

2.2.2 epitaxial Growth on SiliCon Carbide

Silicon carbide (SiC) is a wide band gap semiconductor used 
in power electronics applications. Hexagonal polytypes 4H 
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and 6H are most common commercially. The formation of 
a carbon layer upon annealing SiC at temperature >1100°C 
has been known since 1896 [8]. By adjusting the growth tem-
perature and pressure, it is possible to control the number of 
carbon layers formed and their morphology.

Growth is significantly different on the silicon and carbon 
terminated faces of 4H- and 6H-SiC [9]. Typically, fewer gra-
phene layers are produced on the Si face, but it suffers from 
a considerable interaction with the substrate due to dangling 

Chemical vapor deposition

Remove PMMA

Graphene on insulating substrate

Deposits the substrate Release graphene

Spin coat PMMA Etch metal substrate

Cu substrate, methane gas, 1000°C

FIGURE 2.1  Overview of CVD graphene growth and transfer.

Spin coat resist

Spin coat resist Lift-off metal

Pattern contacts

Pattern graphene

Etch graphene Remove resist
Finished device

Deposit metal

FIGURE 2.2 Overview of a standard process flow for graphene device fabrication.

TABLE 2.1
Common Graphene Production Methods

Production Technique Precursors Throughput

Mechanical exfoliation Graphite, tape, substrate Low

Epitaxial growth on SiC Silicon carbide Medium

Chemical vapor 
deposition

Transition metal, 
hydrocarbon gas

High
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bonds (see Figure 2.3). Carbon face growth is generally 
thicker, but the layers are usually electronically decoupled 
and exhibit higher electron mobilities.

2.2.3 ChemiCal vapor depoSition

Chemical vapor deposition (CVD) is one of the most prom-
ising methods of mass-producing graphene. Metals such as 
copper, nickel, ruthenium, iridium, palladium, cobalt, and 
rhenium have been reported to be suitable substrates. Of these, 
copper and nickel are the most widely used. Growth is per-
formed at temperatures in the order of 1000°C with a hydro-
carbon gas [10]. The metal substrate catalytically decomposes 
the hydrocarbon gas, providing a source of carbon, which 
is adsorbed into the substrate. The carbon then precipitates 
out of the metal to form graphene [11]. Control of the growth 
parameters has recently been shown to grow single crystal 
graphene [12]. Reuse of the metal substrate has been reported 
using hydrogen termination.

For electronics applications, it is undesirable to have the 
graphene layer supported [13] on a metal substrate. Strong 
electron interactions between the π electrons in graphene 
and d states in the metal layer have been reported, with the 
strength of the interaction varying with the metal [14]. A 
strongly interacting metal substrate can open a band gap in the 
electronic states of graphene, thus reducing carrier mobility. 
CVD graphene grown on metals must therefore be transferred 
to an insulating substrate before fabricating an electronic 
device (see below).

2.2.4 SubStrate tranSFer teChniqueS

CVD graphene produced on metals is transferred to an insu-
lating substrate for device fabrication. Most commonly, this is 
achieved by polymer-supported transfer, using polymers such 
as poly(methyl methacrylate) (PMMA) or polydimethylsilox-
ane (PDMS). First, the polymer is spin coated and cured onto 
the graphene/metal substrate. The polymer/graphene/metal 
stack is then transferred to a metal etchant. For copper, this 
is commonly aqueous iron nitrate or aqueous iron chloride.

The stack remains in the etchant until the metal has been 
completely removed, the time depending on the etchant used, 
concentration, and thickness of the foil. For example, a 1 cm2 

area of CVD graphene grown on a 25 µm thick copper foil dis-
solved overnight in 0.05 g/mL iron nitrate solution. After the 
metal has been completely removed, the polymer- supported 
graphene floating in the solution can be transferred from the 
etchant solution to the target substrate. The supporting poly-
mer can be dissolved using a solvent such as acetone, leaving 
the graphene on the new substrate.

These transfer techniques are common in the literature, 
but the transferred graphene varies in quality in different 
reports. Ideally, the transfer process should be clean (i.e., does 
not leave any residues or contaminants on the surface) and 
should be continuous (i.e., does not introduce defects into the 
graphene sheet as a result of the transfer). Residues from the 
supporting polymer are common, as the polymers are diffi-
cult to remove completely. The etchants used to remove the 
metal substrate can also leave contaminating particles on the 
metal substrate, such as metal oxide. To alleviate contami-
nation from polymer residue and oxide particles, a modified 
RCA (Radio Corporation of America) cleaning method was 
described by Liang et  al. [15]. RCA cleaning methods are 
standard for silicon processing, and have been adapted for the 
processing and cleaning of metal oxide and polymer residues 
for CVD graphene grown on copper:

 1. Graphene grown on copper foil by CVD
 2. PMMA spin coated (thickness ~300 nm) and dried 

for 12 hours (no baking)
 3. Reverse of the copper foil is etched using an oxygen 

plasma to remove unwanted graphene and improve 
the copper etch

 4. Copper foil is etched in iron nitrate solution 
(0.7 mol/L in water)

 5. Rinse in deionized water
 6. Modified SC-2 etch to remove ionic and metal con-

taminants using 20:1:1 H2O/H2O2/HCl for 15 min at 
room temperature

 7. Rinse in deionized water
 8. Modified SC-1 etch to remove organic contaminants 

using 20:1:1 H2O/H2O2/NH4OH for 15 min at room 
temperature

 9. Rinse in deionized water
 10. Transfer the graphene to target (hydrophilic) sub-

strate and allow to dry
 11. Bake at 150°C for 15 min
 12. Remove the PMMA with acetone
 13. IPA or chloroform rinse, blow dry
 14. Bake at 200°C before device fabrication

If gaps are present in the interface between the graphene 
and the target substrate, these can develop into tears or other 
defects in the graphene sheet. Gaps between the substrate and 
the graphene layer can arise for two reasons. The first is due to 
the roughness of the metal foil due to its reconstruction at the 
high temperatures used in CVD growth. After the metal foil is 
removed, the roughness may still remain as the PMMA forms 
a hard coating after curing and does not allow the graphene 
sheet to relax onto the target substrate. A second application 

Silicon Carbon Dangling bond

FIGURE 2.3 Interface between epitaxial graphene and the SiC 
substrate.
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of PMMA can allow the PMMA/graphene film to partially 
dissolve, thus relaxing the graphene film and removing some 
of the corrugations [16]. The effect can also be produced 
by annealing above the glass transition temperature (Tg) of 
PMMA (150°C) [17]. This has been reported by Pham et al. 
[18] as a more effective method of reducing the number of 
gaps compared to the second PMMA application method.

As the graphene sheet is deposited onto the target sub-
strate (step 10), water between the graphene and the sub-
strate dries, dragging the film into contact with the substrate 
by surface tension. Small amounts of water may remain in 
the gaps between the substrate and the graphene film, which 
can be removed by annealing. The annealing step in step 11 
thus reduces the gaps due to trapped water, and corrugations 
trapped in the PMMA from the metal foil.

The hydrophobicity of the target substrate is used to reduce 
folds and wrinkles of the transferred graphene. This can be 
increased for SiO2 substrates using 50:1 H2O: HF of the sili-
con surface [19]. Pretreatment of the target substrate using 
(3-aminopropyl) triethoxysilane (APTES) was documented 
by Shi et  al. [20] to reduce cracking of the graphene sheet 
during transfer.

Although PMMA and PDMS are the most common poly-
mers used for polymer-supported transfer, others have been 
reported. Cellulose acetate butyrate (CAB) is an alternative 
polymer (30 mg/mL, dissolved in ethyl acetate) that has been 
shown to effectively transfer graphene onto SiO2 [21]. Poly 
(bisphenol A carbonate), PC, was used for clean graphene 
transfers without an annealing step by Lin et al. [22].

Another technique has been demonstrated for the residue-
free transfer of graphene that utilizes the conducting substrate 
in an electrochemical reaction. This includes the so-called 
“bubbling transfer” method, in which electrochemically pro-
duced hydrogen bubbles between graphene and the substrate 
gently release it from the underlying substrate [23]. Graphene 
grown on Pt foil was used as a cathode, and a pristine Pt 
foil as the anode in a solution of 1 M NaOH. The bubbling 
produced by applying a constant current during the reac-
tion gently separated the graphene layer from the Pt foil. An 
advantage of this technique is the potential to reuse the foil 
for CVD growths.

2.2.5 tranSFer oF epitaxial Graphene Grown on SiC

Owing to the wide band gap of SiC, epitaxial graphene 
devices can be fabricated and used directly on the SiC sub-
strate. Epitaxial graphene is predominantly used in this way. 
However, for some investigations it is advantageous to trans-
fer graphene grown on SiC to another substrate. For example, 
this may be done in order to examine the effect of the SiC 
substrate on the electronic structure of epitaxial graphene, or 
to obtain Raman spectra from the graphene layer without the 
SiC background present in the signal.

SiC is difficult to etch chemically, therefore the polymer-
supported transfer methods outlined above for the transfer of 
CVD graphene are not suitable for this purpose. Dry meth-
ods for transferring epitaxial graphene on SiC have been 

reported [24]. Graphene can be removed from the substrate 
by mechanical exfoliation, in a process similar to the method 
used to obtain graphene from HOPG [25] using adhesive tape. 
Like mechanical exfoliation from HOPG, the yield using this 
method is quite low, producing flakes of area 1 µm2 or less.

A variant of this method, described by Caldwell et al. [26], 
uses thermal release tape to release graphene from the SiC 
substrate. An external force is applied to the tape to improve 
adhesion and remove air pockets. The graphene layer is then 
peeled from the SiC substrate, and placed onto the target sub-
strate. The tape is then removed at its release temperature.

2.2.6 SubStrate SeleCtion

The choice of substrate is important with respect to gra-
phene device performance. Si/SiO2 substrates are often 
used, but surface roughness and charge traps reduce the 
electron mobility in the supported graphene layer. This 
reduces the carrier mobility of graphene on SiO2 to values of 
around 10,000–20,000 cm2 V−1 s−1 (this value is ultimately 
limited by phonon interactions to 40,000 cm2 V−1 s−1 [27]). 
To put this in context, free standing graphene has mobili-
ties up to 200,000 cm2 V−1 s−1 [2]. The high tensile strength 
of graphene allows a device to be suspended between two 
metal contacts. Suspended devices have also been demon-
strated for sensor applications for improving signal-to-noise 
response [28].

The morphology of the graphene supported is also affected 
by its underlying substrate. Pristine graphene tends to repli-
cate the corrugated morphology of the supporting SiO2 sub-
strate, but the presence of photoresist residues introduces 
other corrugations in the graphene sheet, independent of the 
substrate (Figures 2.4 and 2.5).

Hexagonal boron nitride (h-BN) is a structural analog 
of graphene, with B and N in its unit cell instead of two C 
atoms. It is atomically flat, and therefore does not corrugate 
the graphene layer on top [29]. Carrier mobilities reported for 

FIGURES 2.4 Double-layer graphene deposited on SiO2.
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graphene deposited on h-BN are around three times greater 
than comparable devices on SiO2 (60,000 cm2 V−1 s−1 [29]).

2.2.6.1 Gate Dielectric
A top-gated field effect transistor (FET) device requires a 
dielectric between the semiconductor and the metal contact. 
Similar to insulating substrates, a poor choice of gate dielec-
tric can reduce carrier mobility in graphene FET devices. 
Al2O3 has been used as the top gate dielectric in graphene 
FETs. Kim et  al. reported carrier mobilities in the order 
of 8000 cm2 V−1 s−1 [30] with an Al2O3 top gate dielectric. 
h-BN has also been used as a gate dielectric in a so-called 
“sandwich” structure, in which graphene is supported by 
an h-BN substrate, and is covered by an h-BN dielectric. 
Mayorov et  al. reported carrier mobilities on the order of 
100,000 cm2 V−1 s−1using this method.

2.3 LITHOGRAPHY

Lithographic techniques are a crucial part of the device pro-
cess flow as they set limits on the minimum feature sizes of 
the device. They can broadly be split into two categories—
maskless or “direct write” techniques and masked techniques. 
EBL is a common direct write technique in research environ-
ments, and can pattern features down to 7 nm. However, the 
throughput of EBL is much lower than masked techniques due 
to its serial nature, and is prohibitively expensive for some 
applications (Table 2.2).

Photolithography (aka optical lithography) is a masked 
technique that is widely used in CMOS fabrication. The mini-
mum feature size is much larger than EBL (>350 nm using an 
Hg light source), but throughput is much higher, and photoli-
thography is amenable to wafer-scale processing.

A standard electronic device requires multiple lithography 
exposures to pattern each layer and build up a functioning 
device. A basic graphene FET will have at least three com-
ponent device layers: a narrow graphene channel, a gate 

insulator, and metal contacts. The feature resolution required 
may not be the same for each layer, for example, there may 
be a higher tolerance for error in the metal contact layer than 
the graphene channel layer. Different lithographic techniques 
may be utilized in the process flow (known as mix and match 
lithography) to maximize throughput while maintaining the 
required resolution for the device. For example, the metal con-
tacts of the device may be patterned using photolithography 
with the graphene channel developed using EBL.

2.3.1 eleCtron beam lithoGraphy

EBL is a direct-write technique that uses a beam of electrons 
to expose the resist layer. It is capable of defining features 
down to around 10 nm given the appropriate substrate, resist, 
and exposure conditions. An EBL system comprises of an 
electron source, electron optics, pattern generator, beam con-
troller, and an accurate stage. A pattern can be produced using 
CAD software, which is stitched together into write fields by 
dedicated software. The EBL system moves the sample stage 
to the appropriate write field, and rasters the electron beam 
over the write field to generate the desired pattern.

Commercially available EBL systems vary from those 
aimed at low throughput research tools to large-scale wafer 
processing systems. Scanning electron microscope systems 
can also be adapted to perform EBL, but the feature resolution 
of these conversions is generally lower than that of dedicated 
systems.

EBL is often used for photolithography mask fabrication. 
In a research laboratory, EBL is useful due to its versatility. 
Designs can be rapidly prototyped and optimized using EBL, 
where only a few replications of a design may be necessary.

2.3.1.1 Proximity Effect
For patterning arrays of elements that are close together using 
EBL, one must consider the proximity effect when defining 
the appropriate electron beam dose. The edges of elements 
that are close together may become overexposed due to the 
generation of secondary electrons.

Software included with modern EBL systems can gener-
ally compensate for this. By running Monte Carlo simulations 
of the dose specified in a given design, overexposure due to 
secondary electrons can be accounted for by reducing the 
dose at the edges of features (Figure 2.6).

FIGURE 2.5 Multilayer graphene on SiO2.

TABLE 2.2
Lithography Methods Used to Pattern 
Graphene

Lithography Method
Common 

Resists Used Throughput

Photolithography Photoresists High

Electron beam lithography PMMA Medium/Low

Nanoimprint lithography PDMS Medium

Templated growth None Low
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2.3.2 photolithoGraphy

Photolithography uses a photomask to selectively expose the 
substrate to UV light. The process is limited by diffraction, 
and can be improved by using shorter wavelengths (EUV 
lithography) or changing the medium from air to liquid 
(immersion lithography).

Photolithography is typically performed on a mask aligner. 
A mask aligner comprises of a light source (typically a mer-
cury arc lamp), optics, and a vacuum chuck. Optics are used 
to view the substrate through the mask, structures known as 
alignment marks are exposed in each layer to ensure each 
mask layer can be positioned correctly.

Because the entire area is exposed at once, the exposure 
time in photolithography is generally quite small (on the order 
of a few seconds). Aligning subsequent layers can be assisted 
by mark recognition software, or completely automated in 
industrial systems (Figure 2.7).

2.3.3 reSiStS

Both maskless and masked techniques require a substrate that 
is sensitive to photons or electrons of a given energy. Typically, 
a polymer known as a resist is spin-coated onto the substrate 
and soft-baked. After exposure, the solubility of the patterned 
and unpatterned areas in the developing solution differs, leav-
ing some areas and selectively removing others.

Two different tones of resist are available (see Figure 2.8). 
Positive resists are those that increase the solubility of the 
photoresist after exposure. These exposed areas are subse-
quently removed during development. Negative resists are 
those that decrease the solubility of the photoresist after expo-
sure. The exposed areas remain after development, and it is 
the unexposed regions that are removed.

2.3.3.1 Resist Removal from Graphene
Photoresists use polymers that are soluble in known sol-
vents. The solubility changes after UV exposure, and more 

aggressive solvents may be required postexposure. Although 
it is easy to chemically remove most of the resist from the sur-
face of graphene, some residues may remain, which generally 
reduces device performance and thermal conductivity [31]. 
(There are exceptions, e.g., one source describing biosensor 
fabrication reported higher sensitivity for devices with some 
photoresist residue [32].)

Removal of these resists is therefore critical for device opti-
mization [33]. This can be done using appropriate solvents, 
such as acetone, chlorobenzene, or commercial photoresist 
strippers such as Nano Remover PG (Microchem). Annealing 
in ultra-high vacuum (UHV) or inert gas (Ar) atmosphere is 
also a common technique used to remove residues. Devices 
that can handle higher currents can be annealed using Ohmic 
heating. Care must be taken when doing this not to destroy 
any device components, for example, destroying the top gate 
by dielectric breakdown at higher voltages.

FIGURE 2.6 An EBL system (eLine, Raith Gmbh).

FIGURE 2.7 A mask aligner capable of exposing 8″ wafers (MA8, 
Suss MicroTec).

Positive resist Negative resist

FIGURE 2.8 Overview of positive and negative resist tones.
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Photoresists have been shown to cause more damage and 
contamination to graphene substrates than electron beam 
resists. A comparison study by Fan et  al. between PMMA 
and a commonly used photoresist (AZ 6624) revealed that 
the contamination and disorder caused by PMMA could be 
completely reversed by annealing in an Ar atmosphere at 
300°C for 60 min [34], although more recent studies have 
reported that thermal annealing is not sufficient to remove 
all PMMA resist from graphene [35]. In contrast, AZ 6624 
resist processed on a similar sample could not be removed 
using the same annealing process. The Raman spectrum of 
the AZ 6624 processed sample contained amorphous carbon 
features, which indicate that the resist was adsorbed on the 
surface of the graphene, even after solvent and annealing 
treatments. The exact mechanism of the adsorption has not 
been investigated, and the number of components in commer-
cial photoresists complicates the analysis. Whereas PMMA is 
typically supplied in a single solvent (chlorobenzene or anis-
ole), commercial photoresists can include a number of com-
ponents that may interact with the graphene surface. The fact 
that photoresist is so difficult to remove completely should be 
kept in mind when comparing results in the literature.

Scanning probe microscopies are well suited for measuring 
the amount of resist left on graphene surfaces. Both standard 
AFM and Kelvin probe force microscopy (KPFM) have been 
used to measure the amount of polymer residue on graphene 
surfaces. The presence of resist residues on graphene surfaces 
modulates the local work function, which can be measured 
using KPFM [36]. Contact mode AFM can be used to clean 
residues from the surface, albeit for small areas.

2.3.4 etChinG and ler

Dry etching or plasma etching, is ubiquitous in semiconductor 
processing. Various etch recipes exist for the etching of differ-
ent materials found in semiconductor devices, such as Si, SiO2, 
and silicides. By using the correct etch chemistry, the etch can 
be “selective,” that is, it will remove one material quickly, but 
not another. Dry etching is often performed by reactive ion 
etching (RIE), in which an RF field is applied to a gas, which 
strips the molecules of their electrons and creates a plasma.

Dry etching of organics has been well documented [37], 
O2, CF4/O2, SF6/O2 etch chemistries are common. For gra-
phene patterning, oxygen plasma etching is commonly used. 
Typical conditions for device patterning using an O2 plasma 
are a pressure of 100 mTorr, RF power 100 W, for 30 s, giving 
an etch rate of approximately 1 Å/s. By fine tuning the param-
eters, it is possible to control the number of graphene layers 
being removed. Rao et al. demonstrated layer-by-layer etching 
of graphene using a pressure of 313 mTorr, RF power of 70 W, 
and O2 flow rate of 10 sccm.

Error and drift occurring during lithographic processes 
may introduce LER to the structures. For very narrow gra-
phene structures, LER can cause enhanced scattering from 
edge sites. This effect is most prominent in graphene nanorib-
bon (GNR) devices where the width of the graphene ribbon 
is on the order of 10 nm [38]. The width of the GNR device 

is used to control the size of the band gap in the electronic 
structure. Edge roughness can cause perturbations to the 
band structure, which can vary the on/off current ratio in 
GNR–FETs.

2.4  ALTERNATIVE LITHOGRAPHIC AND 
LITHOGRAPHY: FREE METHODS

Owing to some of the complications outlined above using tra-
ditional lithography to pattern graphene devices, other novel 
techniques have been documented that use alternative means 
of patterning graphene. There are two broad categories of 
achieving this. The first of these uses a stamp to selectively 
etch graphene that is uncovered (top-down processing). The 
second category patterns the substrate on which graphene is 
later formed. This results in selective growth rather than con-
tinuous films of graphene (bottom-up processing).

2.4.1 SoFt/nanoimprint lithoGraphy

Soft lithographic techniques are those that utilize stamps 
and molds to transfer a pattern into an elastomeric substrate. 
Nanoimprint lithography techniques are a subset of this that 
use a rigid stamp that is pressed into a polymer that is either 
at an elevated temperature and subsequently cooled (hot 
embossing), or exposing a photoactive polymer to UV light 
before removing the stamp (step and flash).

A resist-free patterning technique for graphene has been 
demonstrated which utilizes a PDMS stamp and oxygen plasma 
etching [39]. Using this technique, arrays of micrometer-sized 
features were patterned into a graphene film with no residue 
from photoresists. This method uses a PDMS mold gently 
pressed against a graphene substrate. Graphene in contact with 
the stamp is protected from oxygen plasma etching, and uncov-
ered regions in the channels are removed. The mold is then 
simply peeled off after the etch process (Figures 2.9 and 2.10).

2.4.2 lithoGraphy-Free methodS

Instead of producing continuous graphene films to be subse-
quently patterned into micron or nano-sized structures, gra-
phene growth is performed on already patterned substrates, 
resulting in templated growth.

PDMS

Photoresist
pattern

Si substrate

FIGURES 2.9 Overview of nanoimprint lithography.
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Templated epitaxial growth of GNRs on SiC was dem-
onstrated by Sprinkle et al. [40]. A nickel etch mask is first 
applied to the SiC substrate using a lift-off process. The SiC 
substrate is then selectively etched using reactive ion etching 
(RIE, SF6/O2/Ar). The nickel mask is subsequently removed 
using nitric acid and the SiC surface is thoroughly cleaned. 
The substrate is then heated with careful control of tempera-
ture and atmosphere, to form GNRs on the facets of the SiC 
substrate. The width of the GNRs here is not determined by 
the resolution of the lithographic method used to define the 
Ni mask, but the etch profile used to form the facet. The etch 
rate was controlled to 8 Å/s, thus allowing fine control of the 
etch depth.

Similarly, the growth substrate used for CVD graphene 
can be templated to form GNRs. Ago et al. [41] reported the 
growth of step-templated CVD GNRs on a Co film. Sapphire 
c-plane substrates with an intentional miscut angle of 2° were 
used as a supporting substrate. These were annealed in air for 
3 h at 900°C to create steps on the surface. A 150 nm Co film 
was deposited onto the stepped surface and annealed in H2/Ar 
at 500°C for 3 h to allow the Co film to conform to the steps 
in the sapphire substrate. Graphene growth at 1000°C in CH4/
H2/Ar for 10 min resulted in aligned GNRs supported by a 
single layer graphene sheet. The GNRs were isolated using an 
oxygen plasma treatment, and transferred to a SiO2 substrate.

2.5 METAL CONTACTS

Graphene devices require metal contacts for charge injection. 
The metal contact can impact the performance of some gra-
phene devices. For example, one study demonstrated a signifi-
cant improvement in the performance of RF transistors after 
improving the metal contacts [42]. The resistance attributed to 
the graphene–metal interface is called contact resistance (RC). 
(See equivalent circuit diagram in Figure 2.14.)

2.5.1 ContaCt dopinG oF Graphene

The work function is the minimum energy required to remove 
an electron in a solid to the vacuum immediately outside the 
solid. Pristine graphene has a work function between 4.89 and 
5.16 eV. Under a metal layer, the work function of graphene 
changes, and this affects the effective doping of the material 
by a shift of the Fermi level. Care must be taken to choose a 
metal with the appropriate work function, as this can deter-
mine the type of doping given to graphene from the presence 
of the contact.

The strength of the electron interaction between the 
metal and graphene varies according to the metal used [43]. 
DFT modeling has been used to study the effect of metals 
on graphene. The electronic structure of graphene is signifi-
cantly altered by chemisorption of Co, Ni, and Pd, to the 
extent to which the K points (the points at which the Dirac 
cones touch in the band structure of pristine graphene) are 
destroyed. Weakly adsorbed metals such as Al, Cu, Ag, 
Au, and Pt preserve the K points, but can shift the posi-
tion of the Fermi level. An upward shift of the Fermi level 
means that electrons are donated by the metal substrate to 
graphene, causing the graphene to be n doped. Metals caus-
ing n type doping include Al, Ag, and Cu. Conversely, a 
downward shift of the Fermi level corresponds to p type 
doping. Metals exhibiting p type doping include Au and Pt 
(Figure 2.11).

2.5.2 meaSurinG ContaCt reSiStanCe (RC)

Contact resistance is typically measured using four-probe 
measurements and the transfer length or transmission line 
method (TLM). In a four-probe measurement, current is 

FIGURE 2.10 Commercial substrate conformal imprint lithogra-
phy (SCIL) system (Suss MicroTec).
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FIGURE 2.11 The electronic band structure of pristine graphene, highlighting the “Dirac cones” at low values of EK. Typically, the Fermi 
level is found at the K point, the point at which the Dirac cones meet. The Fermi level can be shifted by the presence of metal contacts. An 
upward shift of the Fermi level corresponds to n type doping, a downward shift corresponds to p type doping.
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injected using two force connections, and the voltage drop is 
measured using two sense connections.

TLM measurements are performed using a series of metal 
contacts to the substrate, separated by varying distances (see 
Figure 2.12). By plotting the resistance against the contact 
separation, the contact resistance can be extracted from the 
intercept of the line with the y-axis.

A variant of the TLM method, known as the circular tran-
sition line method (CTLM) can be used for the accurate mea-
surement of contact resistance [44] (see Figures 2.13 and 2.14).

2.5.3 improvinG ContaCt reSiStanCe

Annealing in vacuum or inert atmosphere is widely used to 
lower the contact resistance of graphene devices by improving 

the contact interface. Similarly, contact resistance can also 
be improved by ensuring the graphene surface is as clean 
as possible, for example, from photoresist residue. Using 
a low power oxygen plasma treatment (known as an “ash”) 
and annealing at >450°C has been shown to improve contact 
resistance to graphene [45] by removing photoresist residue. 
However, this process does partially destroy the graphene 
under the metal contact. The graphene can thus no longer be 
described as “pristine.” The decrease in contact resistance 
with the introduction of defects is consistent with the view 
that carrier injection is dominant at edge and defect sites due 
to the accumulation of carriers [46].

A table of reported contact resistance values in the litera-
ture is shown in Table 2.1. Publications detailing the mea-
surement of contact resistance to graphene using Ni [47] and 
Ti/Au [48] report that there is little to no correlation between 
contact resistance and the number of graphene layers. The 
interaction between the metal and the topmost graphene layer 
therefore dominates the value of RC, with little to no interac-
tion between the metal and subsequent layers at lower anneal-
ing temperatures (Table 2.3).

At higher annealing temperatures, carbide formation has 
more of an impact on contact resistance. Ti can be shown to 
form TiC on graphite surfaces even at room temperature [49]. 
As the annealing temperature is increased, the Ti consumes 
more carbon from the graphene layer to form TiC. This has 
been shown to increase contact resistance [50] as compared to 
a noncarbide forming metal (Cr).

Contacts for graphene devices are typically formed with 
two layers of metal. The first metal in the stack is on the order 
of 5–20 nm thick. A layer of gold is typically deposited on 
top of this on the order of 100 nm thick. Adhesion of the 
metal contacts to graphene can be an issue for devices that 
are probed repeatedly. Wire bonding the metal contacts to a 
chip carrier is often performed for graphene device analysis, 
ensuring that the contact quality does not change through the 
experiment [51]. Substrate roughness and device dimensions 
have an influence of the adhesion of the metal layer to gra-
phene [52].

The deposition method may also determine the quality 
of the metal contact. Evaporated contacts are most common 

RC RC RCRSH1 RSH2

I V

FIGURE 2.14 Equivalent circuit for the TLM method. RC is the 
contact resistance and RSH is the sheet resistance.

D1 D2 D3

FIGURE 2.12 Overview of the transmission line method (TLM).

R1
R1

R2 R2

FIGURE 2.13 Overview of the circular transmission line method 
(CLTM).

TABLE 2.3
Contact Resistance Values Reported in the Literature

Metal, 
Thickness (nm) RC (Ω µm) Notes Ref.

Ti/Au (10/25) 800 ± 200 TLM measurement at <4 K [48]

Ni (60) 790 ± 300 TLM measurements at RT [47]

Pd/Au (25/25) 110 ± 20 TLM measurement at 6 K [54]

Ti/Au (10/250) 700 ± 500 TLM measurement at RT, 10−2 PA [55]

Ni (25) 500 Anneal: H2/Ar at 300°C 1 h [56]

Ti/Pd/Au 
(1.5/45/15)

2250 ± 250 No pretreatment (cf below) [42]

Ti/Pd/Au 
(1.5/45/15)

350 ± 150 Sacrificial 5 nm Al layer etch to 
clean surface

[42]
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for high-performance devices. Defects may be induced in 
 graphene through sputtering. The control of the angle of 
 incidence of the sputtering source to a grazing angle has 
been shown to reduce excessive damage to the graphene sub-
strate [53].

2.6 SUMMARY

This chapter has reviewed fabrication considerations for typi-
cal graphene device flows. Graphene devices have been used 
in a number of publications to date, and improvements to gra-
phene device processing are still being made. Being a two-
dimensional material, graphene has a large surface-to-volume 
ratio. Graphene is also readily doped by adsorbed species due 
to its linear band structure close to the Dirac point. Because 
of this, the electronic properties of graphene (such as mobil-
ity and carrier density) are extremely sensitive to its chemical 
environment. While it is advantageous for the development 
of some types of device, such as sensors, it means that extra 
care must be taken while processing graphene for device 
applications.

Polymer residues are an important consideration for opti-
mizing graphene device process flows. Graphene production 
methods requiring transfer to an insulating substrate (such as 
CVD on metals) utilize a polymer to support the graphene 
sheet as it is removed from the metal substrate. Methods of 
removing residues, or alternative polymers or transfer meth-
ods have been reviewed here. Device patterning using photoli-
thography and EBL also requires a resist material. Generally, 
electron beam resists (such as PMMA) are easier to remove 
than photoresists. Methods for removing resist residues have 
been reviewed here.

Metal contact formation is a critical part of device fabri-
cation. Pristine graphene can be p- or n-type doped by the 
contact metal, depending on the work function of the metal. 
Methods for measuring and improving contact resistance 
have been reviewed here.

Graphene devices are still an emerging field, and processing 
techniques for graphene are not as mature as its silicon coun-
terparts. Optimization of graphene process flows will continue 
for a while until it can be considered a mature technology.
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3 Synthesis Methods for Graphene

Kal Renganathan Sharma

ABSTRACT

Graphene can be manufactured on large-area substrates as a 
thin single-layer sheet, as graphene nanoflakes, as graphene 
nanoplatelets, as graphene nanoribbons (GNRs), and as a 
graphene oxide solution. The cost of production of thin-film 
 graphene can be reduced to $60 per square inch using the 
chemical vapor deposition (CVD) process. Further reduc-
tions in the cost of production to $1 per square inch are 
needed in order to make the potential applications profitable. 
Methane can be dissociated into graphene in an annular, 
quartz, plug flow reactor at 1000°C under vacuum pressures 
of 90–460 mtorr. Acetylene is formed and adsorbs onto the 
copper  surface. Surface reactions of copper carbide leads to 
the formation of graphene. Acetylene dissociation is auto-
catalytic. The effectiveness factor expression is derived for 
an annular plug flow reactor (APFR) in order to gauge the 
competing effects of diffusion and reaction. The Hummers’ 
procedure is used for the reduction of single-layer graphene 
oxide and the deposition of carbon on the catalytic surface. 
Precise dosage of carbon atoms are introduced into poly-
crystalline nickel films using the ion implantation method. 
Graphene can be made by the reduction of ethanol by a 
method similar to the Wolf–Kishner process. Crystallization 
from eutectic and transfer and etching can be a route to 

graphene. A  chemical–thermal method for unzipping car-
bon nanotubes (CNTs) into single-layer graphene was devel-
oped. Alternating layers of graphene and graphane with 
nanoribbon morphology was patented. The electrochemical 
reduction of graphene oxide film onto an indium tin oxide 
substrate was demonstrated using a three-electrode system. 
CNTs can be a better starting material compared with gra-
phene nanoplatelets. Prepressurization, intercalation, and 
exfoliation of graphene nanoflakes can lead to the forma-
tion of graphene single layer sheets. The time taken to reach 
steady state for a 1-µm flake is 22.2 µs, taking into account 
the acceleration effects. A number of different starting mate-
rials have been used for the manufacture of graphene. Coal 
tar pitch, polyacrylonitrile (PAN), and lawn grass are exam-
ples of starting materials used. The shape of the catalyst may 
have a larger role in the morphology of graphene nanosheet 
formation. Graphene nanosheets can be transferred to dif-
ferent substrates such as copper, iron, ruthenium, cobalt, and 
rhodium.

3.1 DISCOVERY OF GRAPHENES

Graphene [1] is a distinct allotrope of carbon. The Nobel 
Prize in Physics was given to A. K. Geim and K. Novosolev 
in 2010 for their research work in graphenes. Other allotropes 
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of carbon that have received considerable attention and that 
are of interest are

 1. Graphite [2]
 2. Diamond [3]
 3. Fullerene [4], C60

 4. Carbon nanotubes (CNTs) [5]
 5. Carbon nanofoam [6]

Graphite was discovered in 1564. The energy that binds the 
interlayer graphene sheets is around 5.9 kJ.mol−1. Graphene 
can be obtained by exfoliating layers from the bonded sheets 
down to one layer. The Nobel Prize in Chemistry was awarded 
to Sir Harry Kroto, Richard Smalley, and Robert Curl in 1996 
for their research work in fullerenes. Other forms of carbon 
mentioned in the literature such as lonsdaleite found in mete-
orites, C540, and fullerene nanobud need better characteriza-
tion and more understanding before being discussed. Vitreous 
carbon is a nongraphitizing carbon and can be used to make 
high-temperature crucibles. Substantial portions of bitumi-
nous coals [7] are made of fixed carbon (FC). Dehydrogenation 
of FC residue can lead to another form of carbon. Charcoal, 
soot, amorphous carbon, and coke formation during catalytic 
reactions are also examples of sources containing carbon in 
predominant portions.

Fullerenes are made of sheets of pentagons and hexagons 
of carbon and obey the Euler stability. The sheets have positive 
curvature and form a soccer ball structure. In carbon nano-
foams, heptagonal structure with “negative curvature” is seen.

3.2 APPLICATIONS FOR GRAPHENE

According to the British Broadcasting Corporation, the gra-
phene market is expected to grow to $67 million by the year 
2015 and to $675 million by the year 2020. The production 
value of graphene in 2010 was 28 tons and is projected to grow 
to 573 tons by 2017. The market for nanotechnology products 
will reach $3 trillion by the year 2015. Thirty nine different 
nanostructuring methods were reviewed [8]. Identified in 2004, 
the number of patents in graphene is 7351. Chinese entities 
have obtained 2204 patents, U.S. entities have acquired 1754 
patents, South Korean entities have been granted 1160 patents, 
and U.K. entities have received 54 patents. 16 of the 54 patents 
in the United Kingdom are held by Manchester University.

With a thickness of one or more atom layers, graphene can 
potentially be used to effect further speed increases higher 
than 30 PHz of microprocessor speeds. No material other 
than graphene has superior field emitter properties. Graphene 
is 200 times stronger than steel, as elastic/flexible as rubber, 
harder than diamond, and 13 times more conductive than cop-
per. The electron mobility in graphene has been found to be 
200,000 cm2V−1s−1. Graphene is the thinnest material ever 
created and weighs next to nothing. Graphene is a semimetal 
and can be used as barristors in the electronics industry. As 
expected it was found to conduct heat well. A host of different 
applications are expected for graphene in computing, energy, 
and medicine. This ranges from higher-capacity electrodes, 

antireflection coatings in solar cells, carbon composites for 
lighter-weight BMWs, panel displays in wireless telephones 
and laptops, and thermal management. Graphene may be used 
in cutting-edge cancer treatments and in feather-weight high-
definition (HD) televisions. Monolayer graphene is gapless. In 
order to have a tunable band gap, another layer of graphene 
is needed.

Further advances in genome sequencing and proteome 
sequencing can be expected through the use of graphenes. 
Microarray analysis has led to the completion of the human 
genome project (HGP) ahead of schedule [9]. The capability 
to study more genes per biochip is increasing at a rate much 
like Moore’s law in electronics. Scientists in the Netherlands 
claim they have found a method of rapidly sequencing deoxy-
ribonucleic acid (DNA) and ribonucleic acid (RNA) strands. 
They pass these strands through the nanometer-sized sieves in 
graphene sheets. A voltage is applied across the sheet. Each 
of the nucleotide bases—adenine, guanine, cytosine, and thy-
mine for DNA and uracil in place of thymine in RNA—have a 
unique effect on the conductance of graphene as they pass one 
at an instant of time. Sequence distribution of DNA and RNA 
are deduced from changes in voltage. Computerization of the 
procedure and use of sensors with shorter response times can 
lead to more rapid sequencing of DNA and/or RNA. In the 
case of protein, 20 different amino acids can be classified 
as (i) polar, (ii) nonpolar, (iii) acidic, and (iv) basic. As each 
amino acid passes through the hexagonal sieve, the change in 
electrical characteristics can be used to deduct the amino acid 
sequence distribution by calibration.

Scientists at Stanford University, Stanford, California 
have discovered the vast potential of using graphene oxide 
(GO) as nanocarriers for drug delivery. Nanorobots can be 
designed using nanostructured materials such as fullerenes 
and graphenes [10]. Table 3.1 provides a summary of differ-
ent approaches presented in the literature in order to make 
a  single-layer graphene sheet. GO as nanocarriers for drug 
delivery has been used to increase cytotoxicity in the treatment 
of cancer. GO can be used in gene therapy and to treat genetic 
disorders such as cystic fibrosis and Parkinson’s disease.

3.3 COST OF PRODUCTION

Currently, the cost of production of graphenes is high as can 
be seen in Table 3.2. The cost depends on the substrate used. 
50 × 50 monolayer thin film of graphene from Graphene 
Square is $250 for copper substrates and $808 for polyeth-
ylene terephthalate (PET) substrates. Graphene nanoplatelets 
(5–8 nm thick) are sold at $218–$240 per kg by XG Sciences. 
A graphene sheet may have an area with length greater than 
or equal to 1 mm and fall in a range of 1–1000 mm along the 
tranverse and longitudinal directions.

3.4  THERMODYNAMIC STABILITY 
CONSIDERATIONS

Unscrolled CNT is graphene. Two-dimensional (2D) 
nanosheets cannot be generated without an epitaxial substrate. 
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The substrate is used to provide atomic bonding in the third 
dimension (Landau–Peierls argument). This is an important 
stability consideration when attempting to synthesize mate-
rial with the thickness of an atom. Raman spectra is used to 
confirm the monolayer structure of graphene.

Another important thermodynamic stability consideration 
is the metastability. Gibbs free energy change of formation of 
graphene structures has to be negative for stable structures. 
Unstable structures may be expected when the second deriva-
tive of the Gibbs free energy with respect to phase volume is 
negative. Metastable structures can result when the Gibbs free 
energy change is negative and the phase stability criterion is 
not met. Graphene sheets with less than 24,000 atoms/25 nm 
are metastable.

The honeycomb lattice structure has been confirmed for 
graphenes. A transmission electron micrograph of Graphene 

TABLE 3.1
Different Approaches to Make Single-Layer Graphene Sheet

Reference Brief Description of the Process Author Journal/Book Year
Website, Volume, 

Page Number

[1] Scotch tape (“Random Walk to Graphene”) A. Geim Nobel Lecture 2010 http://nobel.se

[4] Stellar solution to chain problem of red giant carbon 
stars… (“Symmetry, Space, Stars and C60”)

H. Kroto Nobel Lecture 1996 http://nobel.se

[5] Carbon nanotubes (“Helical Microtubules of Graphitic 
Carbon”)

S. Ijima Nature 1991 Vol. 354, 56–58

[6] Carbon nanofoam by laser ablation V. Rode et al. Applied Physics A: 
Materials Science and 
Processing

1997 Vol. 70, 2, 135–144

[7] Solvent extraction from coal using 
N-methyl-2-pyrrolidone

K. Renganathan et al. Fuel Processing 
Technology

1988 Vol. 18, 3, 273–278

[8] 39 Different nanostructuring methods (Nanostructuring 
Operations in Nanoscale Science and Engineering)

K. R. Sharma McGraw-Hill 
Professional

2010 New York

[9] Microarray biochip (Bioinformatics: Sequence 
Alignment and Markov Models)

K. R. Sharma McGraw-Hill 
Professional

2009 New York

[10] Single layer graphene sheet used in nanorobot design K. R. Sharma Journal of Scientific 
Research and Results

2013 Vol. 1, 2, 206–227

[11] Graphene films made in annular plug flow reactor S. Bae et al. Nature Nanotechnology 2010 Vol. 5, 574–578

[15] Hummers’ method C. N. R. Rao et al. Modern Physics Letters 2011 Vol. 25, 7, 427–451

[16] Solvothermal route to GO suspension S. Dubin et al. ACS Nano 2010 Vol. 4, 7, 3845–3852

[17] Colloidal suspension S. Park et al. Nano Letters 2009 Vol. 9, 1593–1597

[18] Catalytic process with exfoliation and transfer Samsung US Patent 8,133,466 2012 Korea

[19] Ion implantation method S. Garaj et al. Applied Physics Letters 2010 Vol. 97, 183103

[23] Solvothermal route for improved synthesis D. K. Singh et al. International Journal of 
Nanoscience

2011 Vol. 10, 1,2, 39–42

[24] Growth from metal–carbon melts S. Amini et al. Journal of Applied 
Physics

2010 Vol. 108, 094321

[25] Graphene nanoribbons from CNTs L. Jiao et al. Nature 2009 Vol. 458, 877–880

[26] Longitudinal splitting of CNTs D. V. Kosynkin et al. ACS Nano 2011 Vol. 5, 2, 968–974

[27] Alternating layers of graphene and graphane IBM US Patent 8,361,853 2013 New York

[28] Electrochemical method for use as supercapacitor S. Liu et al. Journal of Applied 
Electrochemistry

2011 Vol. 41, 881–884

[29] Chemical vapor deposition with flash cooling Y. Miyata et al. Applied Physics Letters 2010 Vol. 96, 263105–1–3

[30] Prepressurization, intercalation, and exfoliation of 
graphene nanoplatelets

Nanotek Instruments US Patent 7,785,492, 
7,071,258

2010 Dayton, Ohio

[31] Graphene shell Samsung US Patent 8,075,950 2011 Korea

TABLE 3.2
Summary of Cost of Production Data for Graphenes

Product Size Substrate Cost

Graphene 
nanoplatelets

1 mm × 1 mm–1000 mm 5–8 nm 
thickness

$218–$240/kg

Graphene 
oxide in 
solution

250 mL €99

Graphene thin 
film

50 mm × 50 mm Copper
PET

$250
$808
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X is shown in Figure 3.1. The hexagonal arrangement of atoms 
is striking and hard to miss! The hexagonal sheets of atoms 
are planar, and the electrons in the sp2-hybridized orbitals get 
delocalized. The delocalization of electrons in the monolayer 
graphene sheet is shown in Figure 3.2. Electrons from the 
top row of hexagonal rings flow to the second layer due to 
delocalization. This phenomenon was first observed in ben-
zene and was called the Kekule structure. The discovery was 
made in the year 1865. Alternating single and double bonds 
can be seen in the hexagonal rings. In order to maintain the 
octet configuration, some hexagonal rings have three alternate 
single and three double bonds, some hexagonal rings have two 
double bonds, and the rest have single bonds in an alternating 

manner. All carbons have an octet configuration. Further 
reduction of unsaturation may be attained by polymerization 
by scientists. Electrons can flow readily without any obsta-
cle. This can lead to interesting electrical properties of the 
 material. Different morphologies of graphene are possible in 
addition to the sheet such as chiral, arm chair, and puckered.

3.5  ROLL-TO-ROLL TRANSFER PROCESS FOR 
LARGE-AREA SYNTHESIS ON COPPER FOILS

Graphene can be made into thin films or thick films. Thin films 
of graphene can be made on flexible substrates. Other thin 
films such as nickel need a rigid substrate. Graphene made by 
chemical vapor deposition (CVD) methods can be rolled into 
thin films by a transfer process. The process [11] comprises of 
three steps: (i) Adhesion of polymer supports to the graphene 
on copper foil. Two rollers are used to get the graphene film 
grown on a copper foil to be attached to a polymer film coated 
with adhesive film as it passes through; (ii) Etching of copper 
layers. Electrochemical reaction with aqueous 0.1 M ammo-
nium persulfate solution (NH4)2S2O8 enables the removal of 
copper layers; and (iii) Release of the graphene layer onto a 
target substrate. Thermal treatment is used to detach the gra-
phene from the polymer support and reattach the film onto a 
target substrate. This target substrate can be placed below the 
copper foil in order to obviate the third step.

3.5.1 three StepS oF adheSion, etChinG, and tranSFer

Graphene is synthesized in an annular plug flow reactor 
(APFR). The annular reactor space is generated by an 8-inch 
outer quartz tube and an inner 7.5-inch copper foil, wrapped 
quart tube. The use of the annular reactor in place of the tubu-
lar reactor is to minimize radial temperature gradients. This 
was found to cause inhomogeneity in the film formation. The 
inner tube is heated to 1000°C. Hydrogen (H2) is allowed to 
flow at 8 sccm (standard cubic centimeters per minute) and 
90 mtorr. The annealing process comes next. Annealment for 
30 min allows for an increase of the grain size in the cop-
per foil from a few microns to 100 microns. This has been 
found to increase graphene growth. Methane (CH4) is allowed 
to mix with the flowing hydrogen at a flow rate of 24 sccm at 
460 mtorr. The sample is cooled rapidly at about 10°C.s−1. The 
graphene film grown on copper foil is attached to a thermal 
release tape by applying pressure on the rollers at 0.2 MPa. 
Copper foil is etched in a plastic bath filled with etchant. The 
etched film is washed with deionized water to remove the 
unused etchant. The graphene film is ready for transfer to a 
target substrate such as a curved surface. 150–200 mm.min−1 
transfer rates by thermal treatment can be achieved by letting 
the graphene film pass through rollers at a mild temperature 
of 90–120°C. Multilayered  graphene can be made by repeti-
tion of this process. The product that results would be differ-
ent from the bilayer or multilayer material formed during the 
reaction by other methods. This can be viewed as physical 
stacking of the formed graphene layers. Screen printing can 
be used to generate four wire touch panels.

FIGURE 3.1 Transmission electron micrograph with 5-nm reso-
lution of nanosheets. (Technical Data Sheet of GraphenXTM—
Grade 1, Graphene Technologies, www.graphenetechnologies.com.)

FIGURE 3.2 Delocalized p orbital electrons in a graphene layer.
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Continuous production of graphene on a large scale is pos-
sible. The scalability of the process is high. Processability is 
good. Carbon has limited solubility in copper even at 1000°C. 
Copper may have a catalytic effect on the graphene forma-
tion reaction. Transparent electrodes can be made using gra-
phene in large scale and replace the currently used indium tin 
oxide (ITO) electrodes. Monolayer graphene was confirmed 
using Raman spectra. Bilayer and multilayer islands were 
found from atomic force microscopy (AFM) and transmission 
electron microscopy (TEM). Stacked layers reduce the optical 
transmittance by 2.2–2.3% a layer and the conductivity also 
decreases. Dopants can be added as desired. p junction forma-
tion by doping can be achieved by the addition of nitric acid 
(HNO3). Sheet resistance can be increased by chemical dop-
ing. Polymethyl methacrylate (PMMA) can be used as poly-
mer supports. Some of the challenges in using this method are 
the formation of polycrystalline graphene due to the reoccur-
rence of nucleation to form a second layer. Oxidation of copper 
has to be avoided. High rates of evaporation of copper from the 
foil can hinder graphene growth. Copper is not as effective as 
nickel to lower the energy barrier to form graphene.

Other carbon sources in addition to methane that can be 
used for the purpose of preparing graphene are carbon monox-
ide (CO), ethane (C2H6), ethylene (C2H4), ethanol (C2H5OH), 
acetylene (C2H2), propane (C3H8), butane (C4H10), butadiene 
(C4H6), pentane (C5H12), pentene (C5H10), cyclopentadiene 
(C5H6), hexane (C6H14), cyclohexane (C6H12), benzene (C6H6), 
toluene (C7H8), iso-butane, iso-pentane, and hexene. Mixtures 
of these sources may also be used. Carbon formation from 
carbon sources is thermodynamically favored only at high 
temperatures. The temperature that can be used in the reac-
tor is 300–2000°C. The flow rate range can be 5–1000 sccm. 
Inert gases can prevent undesirable oxidation. The Reynolds 
number in the reactor is in the regime where laminar flow 
can be assumed. The reactor is operated at low pressure. This 
would enable the entire vapor and solid system to fall near 
the sublimation curve of the pressure–temperature (P–T) dia-
gram of reactants and products.

3.5.2 reaCtor perFormanCe

The horizontal low-pressure chemical vapor deposition reac-
tor (LPCVD) is discussed by Fogler [12]. The reactor is oper-
ated at 100 Pa. The APFR discussed in the above paragraph 
(Figure 3.3) is operated at about 60 Pa. One of the advantages 

of using an LPCVD is the capability of having a large num-
ber of wafers without any sacrifice to film uniformity. At low 
pressures, the diffusion coefficient is expected to increase. 
Sometimes, Knudsen diffusion effects cannot be ignored. The 
surface reactions are expected to be rate limiting compared 
with other mass transfer effects. Assume that the reaction 
mechanism for the formation of graphene on copper foil in 
the APFR above is as follows:

Dissociation

 
2 34 1000 2 2 2CH C H H�C

 → +
 (3.1)

Adsorption

 C H + 2Cu 2CuC + H2 2 2→  (3.2)

Surface reaction

 CuC Cu C⇔ +  (3.3)

Given the monolayer formation of graphene, the Langmuir–
Hinshelwood kinetics may be a reasonable assumption for 
adsorption kinetics. At high temperatures, such as 1000°C, 
the dissociation rate can be expected to be rapid. Adsorption 
is a surface phenomenon. Molecules adsorb on the surface. 
Other molecules in the interior of the solid substrate are 
attracted by other surrounding molecules in all directions. 
The molecules that reside on the surface are in a state of 
imbalance and are pulled inward. The dissociated products 
from methane will interact with the molecules on the surface. 
The amount adsorbed would be proportional to the surface 
area available for adsorption. The Langmuir isotherm can be 
derived as follows [13]:

 [ ] [ ] [ ]filled sites empty sites filled sites+ ⇔  (3.4)

Sites are subject to chemical equilibrium:

 [ ] [ ] [ ]bulk solute empty site filled site+ ⇔  (3.5)
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The rate of adsorption can be written as follows:
Rate of adsorption
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C H  
(3.8)

k0 is a measure of the total concentration of sites available. 
Equation 3.8 is an alternate form of the Langmuir isotherm. 

7.5” Inner quartz tube

8” Outer quartz
tube

Cu foilMethane
+ hyrdrogen
at 1000°C
and 60 Pa
flow rate
–0.1 mm/s

FIGURE 3.3 Annular plug flow reactor for the dissociation of 
methane and the formation of graphene deposition on copper foil.
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The reciprocal of the rate of adsorption varies in a linear 
 manner with the reciprocal of the partial pressure of  acetylene. 
The equilibrium rate constant and the total concentration of 
the sites can be obtained from the slope and intercept of the 
straight line.

Acetylene decomposition can become autocatalytic [14]. 
It is a free radical process. Free radicals can combine with the 
copper metal and become inert. This may keep the reaction 
from becoming a thermal autocatalytic runaway. The axial 
flow in the annulus can be assumed to be in laminar flow. 
This is from the Reynolds’ number estimated for APFR of 
less than 50. As the reactant gas flows through the annulus 
simultaneous reaction, diffusion can be expected. The disso-
ciated  products diffuse to the surface of the copper foil and 
get adsorbed. At high temperatures, the surface  reactions 
of  carbide formation and graphene formation are found. 
Diffusion direction is  radially inward. The cross-sectional 
area of the annulus is given by

 A D Dc t c= −0 25 2 2. ( )π  (3.9)

where Dt and Dc are the diameters of the outer tube made 
out of quartz and inner quartz tube wrapped with copper foil. 
With the progress of the CVD, the mole fraction of acetylene 
in the annulus decreases as the reactant flows down the length 
of the annulus. An effectiveness factor can be calculated to 
determine the overall rate of reaction per unit volume of the 
reactor space. The reactants diffuse radially inward toward 
the copper foil. Graphene deposits grow on the copper foil 
by the surface reaction given by Equation 3.3. Concentration 
of the acetylene in the surface of the copper is less than the 
 concentration of acetylene in the bulk. The effectiveness 
 factor is defined as

 

η = rate of reaction (actual)
rate of reaction

(if entire foil is at suppplied concentration)  

(3.10)
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Consider a cylindrical shell of length L and thickness Δr 
from a distance r from the center of the APFR. The acetylene 
formed from the dissociation of methane undergoes simulta-
neous diffusion and reaction at the copper surface of the inner 
tube. The copper carbide becomes graphene upon  further 
reaction. A mass balance on a cylindrical shell of thickness 
on the dissociated acetylene that undergoes simultaneous 
 diffusion and reaction to the surface of the quartz inner tube 
can be written as follows:
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The boundary conditions used are as follows:
At the center of the reactor, the concentration profile has 

to be symmetric in the annular space. There is no reason for 
asymmetry. Hence, at r = 0,
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(3.13)

At the quartz wall of the outer cylinder, the wall is 
impervious.

r = R,
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The governing equation for the concentration profile that 
varies with space and time can be obtained by combining 
Equation 3.12 with the damped wave diffusion and relaxation 
equation given in Equation 3.15:
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The governing equation for the concentration of acetylene 
species can be seen to be
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The dimensionless form of Equation 3.16 can be obtained 
by defining the following nondimensionalizing variables:

 

u
C

C

t
X

r

D
k k

s r r
r= 





= = = ′′′C H

C H

2

2 2

2 ; ; ; ( )*τ
τ τ

τ
 

(3.17)

The dimensionless governing equation is as follows:
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The solution is obtained by the method of separation of 
variables. First, the damping term is removed by multiply-
ing the above equation by enτ. It can be seen that the terms 
group as W = uenτ and the governing equation becomes at 
n = (1 − k*)/2:
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The method of separation of variables can be used in order 
to obtain the analytical solution to Equation 3.19.
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Let

 W V X= ( ) ( )τ φ  (3.20)
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 φ λ λ= +c J X c Y X1 0 2 0( ) ( )  (3.22)

It can be seen that c2 = 0 from the symmetry condition 
that the derivative of the concentration with respect to r = 0. 
Now from the BC at the surface,
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The solution for the time domain is the sum of two expo-
nentials. The term containing the positive exponential power 
exponent will drop out as with increasing time the system 
may be assumed to reach steady state. At steady state or 
infinite time, W = u exp(τ/2) becomes zero multiplied with 
infinity. This is in an indeterminate form of the fourth kind 
(Piskunov). This can be shown to go to zero. Thus,

 V c e k n= − + −
4

1 2 2τ λ( */ )
 

(3.24)
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Equation 3.25 is an infinite series of Fourier Bessel that 
is modified for inclusion of damped wave diffusion and 
relaxation effects. The cn can be solved for from the initial 
condition by using the principle of orthogonality for Bessel 
functions. At time zero, the left-hand side and right-hand 
side are multiplied by J0(λm X). Integration between the 
limits of 0 and R is performed. When n is not m, the inte-
gral is zero from the principle of orthogonality. Thus, when 
n = m,
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It can be noted from Equation 3.25 that when
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the solution will be periodic with respect to the time domain. 
This can be obtained by using the De Movries theorem and 
obtaining the real part to
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For large relaxation times, the concentration of the 
 graphene product will undergo oscillations.
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Estimates of relaxation time from the Stokes–Einstein 
 formula from the chemical potential [13] for graphene at 
5 torr can be as high as 50 min.
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The surface-to-volume ratio needs to be maintained high. 
It can be seen that there exist a critical value of R above which 
the rate at which the free radicals are produced in the reaction 
is larger than the rate at which it is removed by diffusion. This 
will lead to a runaway condition in autocatalytic reactions. 
At the critical value,
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Considering the average reaction rate instead,
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Owing to high temperature and low pressure, the primary 
mode of heat transfer is expected to be due to radiation. Small 
temperature differences may exist between the copper foil 
and the graphene sheet. There is no need to couple the energy 
and mass balances at these small temperature gradients.

CVD methods can be used to prepare monolayer graphene 
sheets. Hydrocarbons are decomposed on transition metals 
such as nickel, copper, cobalt, and ruthenium. Hydrocarbons 
used are methane, ethylene, acetylene, and benzene.
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Foils made of Ni and Co with a thickness of 0.5 mm ×  
2 mm were used as catalysts [15]. These foils were chopped 
into five 5-mm2 pieces and polished mechanically. The CVD 
process was carried out by effecting the decomposition of 
hydrocarbons around 800–1000°C. Methane is passed at 
60–70 sccm along with a flow of hydrogen at 500 sccm at 
1000°C for 5–10 min over a nickel foil. Ethylene at 4–8 sccm 
can be used in place of methane at 60–70 sccm. Benzene can 
be used as the carbon source at 1000°C for 5 min. Dilution of 
benzene is effected using argon and hydrogen. Acetylene at 4 
sccm was decomposed on a Co foil at 800°C. Methane was 
decomposed at 1000°C over the Co foil. The cooling step of 
metal foils after the decomposition step was performed in a 
gradual manner.

3.6 DISPERSION METHOD USING NMP

A one-step solvothermal reduction method for the produc-
tion of GO dispersions in N-methyl-2-pyrrolidone (NMP) 
is discussed by scientists at the University of California, 
Los Angeles (UCLA) [16]. A stable colloidal dispersion can 
be prepared by refluxing GO in NMP. Deoxygenation and 
reduction can be confirmed by a color change from brown to 
black. Single sheets of reduced graphene oxide (SRGO) were 
 confirmed using scanning electron microscopy (SEM) and 
x-ray photoelectron spectroscopy (XPS). X-ray diffraction 
(XRD) analysis reveals a single broad peak at 3.4 A. Stacking 
of graphene sheets can be confirmed.

Single-layer graphene oxide (SGO) is dispersed in dimeth-
ylformamide (DMF) with hydrazine hydrate [17]. Single-
layer graphene is formed by the reduction of SGO. Graphite 
oxide (GO) is prepared by the oxidation of graphite through 
the Hummers’ procedure. H2SO4 was used as an oxidizing 
agent. Yellow-brown powdery GO is recovered as a colloi-
dal dispersion. Ultrasonic treatment at 35 kHz and 300 W 
power is used in order to produce SGO. The SGO suspension 
is recovered in a water-N,N-dimethylformamide mixture and 
is treated with hydrazine hydrate at 80°C for 12 h. A black 
suspension of reduced graphene oxide (RGO) in DMF/H2O 
is formed.

3.7  EXFOLIATION METHOD FROM 
CARBONIZING CATALYST

Graphene can be formed from a carbon source on a carbon-
izing catalyst. Large-sized graphene sheets can be prepared 
using this technique at a lower cost. Graphene sheets may be 
damaged when exfoliated from the carbonizing catalyst after 
formation. A binding layer may be introduced in order to pre-
vent damage of the graphene sheet. The carbonization cata-
lyst may be selected from the following group in addition to 
copper: nickel, cobalt, iron, platinum, gold, silver, aluminum, 
chromium, magnesium, manganese, molybdenum, rhodium, 
silicon, tantalum, titanium, tungsten, uranium, vanadium, and 
zirconium. Neutrons should not be allowed to cause runaway 
reactions during the formation process. The carbonization 
catalyst film may be either thin or thick. The thin film has 

a thickness between 1 and 1000 nm and the thick film has a 
thickness between 10 µm and 5 mm. In Section 3.5, the CVD 
method was discussed.

Another method is by bringing in contact the carboniz-
ing catalyst with a liquid-carbon-based material. The liquid-
carbon-based material may be liberated by contact with a 
catalyst. The liberated carbon may become implanted in the 
catalyst. This process is called carburization. The boiling 
point of organic solution used may be 60–400°C. The liquid 
solution may be polar or nonpolar. It may be alcohol based, 
ether based, ketone based, ester based, organic acid based, 
etc. These liquids may have different reduction  abilities, 
reactivities, and adsorption rates. The heat treatment may 
be  performed under well-stirred conditions at a tempera-
ture range of 100–400°C. The contact time may range from 
10 min to 48 h. A binder layer and a plastic substrate such as 
a PET layer is formed over the graphene layer. The formed 
graphene sheet may be transferred to a target device such as 
a barrister using dry and wet etching methods. The graphene 
sheet is exfoliated by Samsung [18] using acid solutions such 
as sulfuric acid, nitric acid, and hydrochloric acid. The binder 
layer may be made of an insulating material that is siloxane 
based, acryl based such as PMMA or epoxy based such as 
epichlorohydrin compound. Photoresist material or a polymer 
electrode material such as polyphosphogen may also be used 
as the binder layer.

3.8  ION IMPLANTATION METHOD FOR 
LAYER THICKNESS CONTROL

Scientists at Harvard University [19] developed an ion 
implantation method for graphene synthesis with layer-by-
layer  thickness control. Precise doses of carbon atoms are 
 introduced into polycrystalline nickel films. Subsequently, 
heat treatment may be used to grow graphene on the nickel 
film surface. There is some solubility of carbon atoms in 
nickel at 1000°C. The bulk solubility of carbon in nickel is 
reduced at lower temperatures. This is used to cause segre-
gation of carbon atoms in the surface of nickel and lead to 
the formation of graphene layers by the phenomenon of 
crystallization. Layer-by-layer thickness control is achieved 
using 15% less carbon than used in the CVD process. 40 nm 
 penetration depth of carbon ions is achieved. Almost all of the 
carbon atoms implanted crystallized into graphene. This can 
lead to more precise control of layer thickness. The process 
 comprises of the following steps:

 1. Evaporation of Ni and deposition onto Si/SiO2 wafers 
in order to form a thickness of 500 nm.

 2. Annealing in argon and hydrogen at 1000°C at an 
ambient pressure for 2 h.

 3. Recrystallization of the Ni film into grains of 2 µm 
average size. XRD analysis reveal Miller plane (111) 
oriented parallel to the film thickness as expected.

 4. Dosing of Ni with carbon ions with 30 keV at 2–13 
peta ions.cm−2. The number of layers of graphene 
formed depends on the dosage level.
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 5. Heat treatment at 1000°C under vacuum pressure of 
4 Pa for 1 h. This step allows for the bulk diffusion 
of carbon atoms in nickel. The sample is mounted on 
a button heater.

 6. Cooling of the supercritical solid solution to room 
temperature at heat removal rates of 5–20°C/min.

 7. Crystallization of dissolved carbon atoms into 
graphene.

 8. Transfer of graphene into Si/SiO2 chips using the 
PMMA transfer method.

 9. Unique characteristics of graphene confirmed using 
Raman spectroscopy.

Two-dimensional resistivity of 2 kΩ/sq. are reported for 
graphene sheets. In addition to film thickness, other proper-
ties are also affected by the ion dosage level. The diffusion 
of carbon ions in nickel during the growth of graphene layers 
can be modeled as follows:

The Stokes–Einstein equation can be written as
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Two kinds of forces can be expected: force due to varia-
tion in chemical potential and force due to electrical forces. 
The expression for ion mobility is given by including an accel-
eration term [20] to the expression in Cussler [20] and can be 
seen to be
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where ui is ion mobility, zc is the ionic charge (+1 for carbon), 
F is Faraday’s constant, ψ is the electrostatic potential, n is 
the number of moles of carbon, and M is the molecular weight 
of carbon. The acceleration term [21] is taken into account in 
Equation 3.33. The ion mobility is assumed to be in the Stokes 
settling regime and is taken as

 
u

d
i =







1
3 0πη  

(3.34)

where d0 is the diameter of the ion and η is the viscosity of 
the medium. The use of this equation for ion mobility in solid 
solutions needs to be confirmed experimentally. Assuming 
the ideal solution, the activity coefficient for carbon in nickel 
may be assumed to be 1. The contribution from the gradient 
in chemical potential can be written as
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Plugging Equation 3.35 in Equation 3.33 and realizing that 
the flux of ions –JC = CCNi;vCNi
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where τr is the relaxation time of carbon atoms in the nickel 
surface. Equation 3.36 is the modified Nernst–Planck equa-
tion written by Bard and Faulkner [22]. The modification is 
to include the acceleration effects of the carbon ion during 
transient diffusion.

3.9 CHEMICAL METHOD

Graphene can be synthesized from ethyl alcohol in a medium-
pressure autoclave with a stainless-steel chamber for 20 h at 
230°C and 60 bar. 80 mL of C6H5OH was mixed [23] with 
a solution of 4.3 g of NaBH4 and 15 mL of 10 M NaOH. 
The reaction was carried out in the presence and absence 
of sodium dodecyl sulfate (SDS) at 2 wt% concentration. 
The reaction product obtained after filtering was dried in a 
hot oven for 10 h at 60°C. The samples were characterized 
using SEM, TEM, powder XRD, and AFM. Ethanol was 
found to react with NaBH4 and H2, alkyl borates and alkoxy 
 borohydrides were produced. A high concentration of aque-
ous NaOH was found to be essential to form graphene layers. 
Reactions that were held at lower temperatures were found to 
show lesser yield. Ethanol acts as a carbon source as well as 
a solvent. It is less expensive and has a potential for indus-
trial scalability. This method is similar to the Wolf–Kishner 
reduction process to prepare multiwalled carbon nanotubes 
(MWCNTs). Surfactant is used in place of postpyrolysis of 
the product in order to achieve improved yield and dispersion 
of graphene.

3.10  LARGE-AREA SYNTHESIS BY PHASE 
SEPARATION OF CARBON–METAL 
MISCIBLE MELTS

A scalable, high-throughput production technological route 
to large-area graphene sheets was developed by scientists at 
the University of California, Riverside [24]. Carbon is dis-
solved in molten transition metals such as nickel and copper at 
a specified temperature. Later, the dissolved carbon is allowed 
to nucleate and grow atop the melt at a cooler temperature. 
Raman 2D band was used to determine the number of atomic 
planes in the resulting graphene layers. High-quality single-
layer graphene on metals is produced and the interface mate-
rials are used for thermal management applications. Nickel 
and a graphite source are allowed to melt in a crucible. When 
the temperature is lowered, miscible solids will undergo phase 
separation. Excess carbon crystallizes into graphene atop the 
melt. The time–temperature diagram looks like an Olympic 
medal podium with T2 where the gold medalist stands when 
receiving the medal, Tm where the silver medalist stands, and 
T3 where the bronze medalist stands.

Electric resistance heating at 75 A is used for the heat-
ing process for 20 s. The furnace is operated under vacuum 
at 77 Pa. A hypereutectic composition of nickel + 2.35 wt% 
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carbon was selected. Temperatures T2, Tm, and T3 are shown 
in Figure 3.4. The metal substrate is dissolved and graphene 
layers are transferred to a silicon wafer. To serve this end, a 
layer of PMMA was spin coated on the substrate at 1800 rpm 
for 30 s. The metal substrate was etched by a nitric acid solu-
tion. Transfer was accomplished using the steps of washing 
with isopropanol and water and annealing at 60°C for 1 h. 
A film morphology with wrinkles separating smooth regions 
was found.

3.11  UNZIPPING CNTs BY 
CHEMICAL–THERMAL METHOD

There are two chemical–thermal processes to form gra-
phenes from CNTs as reported by scientists at the Richard 
E. Smalley Institute for Nanoscale Science and Technology, 
Rice University, Houston, Texas. The first is a two-stage [25] 
procedure comprising of an oxidation step and a reduction 
step. A suspension of MWCNTs in concentrated H2SO4 is 
treated with excess KMnO4. The acid conditions are needed 
to exfoliate the graphene sheet nanostructure. The reaction 
mixture is well stirred for 1 h at room temperature and heated 
to 50–70°C for an additional hour. The reaction mixture was 
quenched by pouring over ice containing a small amount of 
H2O2. The solution is filtered over a polytetra fluoroethyl-
ene (PTFE) membrane and the remaining solid was washed 
with acidic water followed by ethanol. The second stage is to 
reduce oxidized nanoribbon into graphene. An aqueous solu-
tion of nanoribbons was treated with 1 wt% SDS surfactant 
and 1 vol% hydrazine monohydrate (N2H4–H2O). The solution 
was covered with a thin layer of silicon oil before being heated 
to 95°C for 1 h.

An aliter [26] for the preparation of graphene by unzipping 
of CNTs was presented by a reaction of MWCNTs with potas-
sium. Potassium was melted over MWCNTs under a vacuum 
pressure of 6.7 Pa. 1 g of MWCNT and 3 g of potassium pieces 
were placed in a 50-mL Pyrex ampule that was evacuated and 
sealed with a torch. The reaction was carried out in a furnace 
for 14 h at 250°C. The heated ampule  containing a golden-
bronze-colored potassium intercalation compound and silvery 
droplets of unreacted metal was cooled to room temperature. 
The ampule was opened in a dry box in a nitrogen-filled 

glove bag and then mixed with 20 mL ethyl ether. 20 mL 
of ethanol was slowly added into the mixture of ethyl ether 
and potassium-intercalated MWCNTs at room temperature. 
Heat is dissipated by the evolution of hydrogen gas bubbles. 
The quenched product was removed from the nitrogen enclo-
sure and collected on a 450-nm PTFE membrane. Then the 
sample was washed with 20 mL of ethanol, 20 mL of water, 
10 mL of ethanol, and 30 mL of ether. Next, the sample was 
dried under vacuum in order to produce longitudinally split 
MWCNT. The external appearance was a 1-g black, fibril-
lar powder. Cholorosulfonic acid was used to exfoliate the 
potassium-split MWCNT. An ultrasonic jewelry cleaner was 
used to make a dispersion of MWCNT in chlorosulfonic acid 
by sonication for 24 h. The mixture was quenched by pour-
ing the solution onto ice followed by filtration using a PTFE 
membrane. The filter cake was dried under vacuum. A stock 
solution of graphene was obtained by dispersion of the black 
powdery material in DMF.

3.12  NANORIBBON ALTERNATION 
FROM FLAKES

Alternating layers of graphene with nanoribbon morphol-
ogy and insulation layers made up of graphane or partially 
hydrogenated graphene was patented by IBM, Armonk, New 
York [27]. This kind of nanostructure (Figure 3.5) is needed 
in the electronics industry. This can be used as an alternate to 
silicon semiconductors and make good field effect transistors 
(FETs). A gate dielectric layer is formed on top of the nanorib-
bon containing layer. Source and drain regions are positioned 
on opposite sides of the conductor.

The trends in the semiconductor electronics indus-
try include miniaturization of devices that get fabricated, 
devices that use less power than the previous generation of 
devices, and devices that operate faster. Personal devices 
such as cell phones and personal computers, both desktop 
and laptop, that emerge in the markets are made more por-
table. These devices need increased memory and more com-
putational speed and power. There is an expectation in the 
industry for smaller and faster transistors with speeds greater 
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than 30 PHz. This limit was estimated based on current 
laws of physics in collegiate textbooks and a limit on gate 
width of 10–15 nm and speed of light. Graphene that is only 
an atomic layer thick has the potential for microprocessor 
speed increases to 23 EHz. The delocalized electrons in the 
p orbital in the polyaromatic hexagonal graphene rings can 
form an n junction in transistor devices. Currently, mono-
layer graphene has been found  without a band gap. Smaller 
separations between npn junctions are needed for further 
speed increases. Nanoribbon morphology can be used to cre-
ate a band gap that can make a difference for better speed 
increases. The width of graphene nanoribbon (GNR) has to 
be less than 5 nm for a significant increase in the band gap. 
The size of the band gap increases with decreasing width of 
the nanoribbon. Alternation of layers is accomplished by the 
reactive ion etching (RIE) method.

3.13  ELECTROPHORETIC DEPOSITION 
AND REDUCTION

Graphene film is generated by in situ electrochemical reduc-
tion of the GO film. Prior to this step, the GO film is formed 
on ITO and substrate by electrophoretic deposition. The 
maximum specific capacitance of the prepared graphene 
sheet film electrode was calculated to be 156 F.g−1 [28]. The 
capacitance retention of the material was 78% upon 400 times 
of cycling. XPS measurements were used to confirm the 
removal of  oxygen-containing functional groups in the GO 
film. Potentially, this system can be used to prepare superca-
pacitors. Graphene-based ultracapacitors can be used to store 
more energy, have longer life, are lighter in weight, more 
flexible. and easier to maintain. They hold promise for power 
energy storage applications. Carbon-based materials such as 
CNTs, graphene sheets, carbon fibers, and activated carbon 
are contemplated for making third-generation supercapaci-
tors. They exhibit higher capacitance compared with conven-
tional capacitors. GS has a high surface area, that is, about 
2630 m2.g−1. It also possesses superior mechanical stiffness, 
flexibility, and electrical properties. The electrophoretic depo-
sition method is better compared with other methods such as 
solvent dispersion, which result in poor dispersion of GS and 
poor adhesion to the substrate.

A stainless-steel plate and a clean ITO conductive glass 
sheet were used as anode and cathode, respectively. An applied 
electromotive force (EMF) of 150 V was provided for 45 s in 
order to allow deposition of GO films on the ITO cathode. GO 
aqueous suspension had a concentration of 0.6 mg.mL−1 at 
room temperature. The electrochemical reduction was accom-
plished using a CHI660C electrochemical workstation in the 
0.1 M KCl aqueous solution. Surface morphology and micro-
structure was characterized using field emission  scanning 
electron microscopy (FE-SEM), XPS, and electrochemical 
impedance spectroscopy (EIS). A three-electrode system was 
in operation in the electrochemical workstation. These elec-
trodes are (i) ITO anode where the GS film is deposited from 
the working electrode; (ii) platinum wire as counter electrode; 
and (iii) Ag/AgCl as the reference electrode. The electrolyte 

used was 0.1 M Na2SO4. Utrasonification was used in order to 
form the well-dispersed, brown-colored GO  aqueous solution.

3.14 FLASH COOLING

Some of the methods used to prepare graphene with larger 
areas and with higher quality require explosive gases such as 
methane, need to be operated under vacuum, need high-cost 
instrumentation, and require a high level of alarm systems and 
safety precautions. Facile synthesis of high-quality single-
layer graphenes from ethanol using “flash cooling” right after 
the CVD step was reported by Miyata et al. [29]. Graphenes 
were synthesized by allowing the reaction of ethanol with 
the nickel substrate at 900°C. A 3-cm-diameter quartz tube 
100 cm in length was filled with argon gas at a flow rate of 
300 cc.min−1. The gas flow was allowed to continue through 
the synthesis and cooling steps. Nickel foils with 5-µm thick-
ness were inserted into a preheated quartz tube at 600°C. 
The temperatures were allowed to rise to 900°C. Ethanol is 
bubbled using argon gas at 200 cc.min−1. The bubbling was 
stopped after 5 min of reaction. Nickel substrates were cooled 
at different rates. During the flash cooling step, the substrate 
was immediately removed from the quartz tube and then 
cooled from 900°C to 560°C. The time period of the cool-
ing step was 10 s. Natural cooling took 20 min for the same 
decrease in temperature. Graphenes formed on the nickel 
step was transferred into an SiO2/Si wafer using nitric acid. 
The procedure was conducted at atmospheric pressure. It is 
believed that single-layer graphene growth does not occur dur-
ing carbon precipitation. The SG stems from a phenomenon 
called “surface diffusion” of carbon on the nickel substrate.

Flash cooling was found to be necessary subsequent to the 
CVD step in order to obtain high-quality single-layer gra-
phenes. Comparison studies were conducted using naturally 
cooled and flash cooled substrates. Scientists concluded that 
the decomposition and formation of graphenes take place rap-
idly after the supply of the carbon source is stopped. Ethanol 
decomposition into graphenes on the nickel substrate was 
confirmed in “reannealing experiments.” Prior to experimen-
tation, the presence of graphenes was confirmed using Raman 
spectroscopy at room temperature. Carbon first dissolves into 
the nickel substrate. Concomitantly, carbon precipitates into 
graphene. Monolayer and multiple layer formation depends on 
cooling rates. At 1000°C, the solubility of carbon in nickel 
is high. As the temperature is decreased, the solubility is 
decreased. A supersaturated solution upon a  perturbation 
can form crystals. Graphene allotrope is formed upon cool-
ing. The typical cooling rate deployed is around 10°C.s−1. 
Quenching was accomplished at extremely fast cooling rates. 
In the case of the use of copper substrates, low carbon solu-
bility and surface catalytic activity combined effects lead to 
graphene allotrope formation.

Carbon solubility in bulk nickel is usually high. The for-
mation of nickel oxide on the surface of nickel leads to a 
reduction in carbon solubility. This may have contributed to 
the growth of the graphene layer. Surface diffusion phenom-
enon is suspected to play an important role in the formation 
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of the graphene monolayer. This suspicion was confirmed by 
an effect of reaction time. A 30 min reaction time leads to 
the formation of multiple layers of graphene. Carbon dissolu-
tion may accelerate the segregation of multilayer graphenes. 
Etching of NiO can result in the promotion of the dissolution 
process of carbon.

3.15 GAS INTERCALATION AND EXFOLIATION

CNTs have a higher cost due to poor yield and low produc-
tion and purification rates with current methods of produc-
tion. Nanoscaled graphene platelets can potentially be a 
cost-effective substitute for CNTs. Some of the processes used 
currently need costly waste disposal from the washing step. 
High furnace temperatures of 500–2500°C are used in some 
processes. A lower cost method was patented by Nanotek 
Instruments, Dayton, Ohio [30].

Graphene platelets contain 1–5 layers of graphene sheets 
with each layer of thickness 3.4 A. For graphite oxide flakes, 
each sheet is about 6.4–10.2 A. The production of these mate-
rials is accomplished in three steps: (i) prepressurization, 
(ii)  intercalation, and (iii) exfoliation. The starting material 
such as graphite with a size of about 10 µm is brought in 
contact with high-pressure gas at pressures of 2–10 atm and 
 temperatures of 50–200°C. The gas species is made to inter-
calate into the interstitial and interlayer spaces in the layered 
material. The material is charged into the intercalation cham-
ber (Figure 3.6). A nozzle is used to discharge the intercalated 

mixture into the exfoliation chamber. The exfoliation chamber 
is operated at a different pressure and temperature. Here, the 
nanosized graphene platelets are exfoliated from the  mixture. 
The gas can be selected from hydrogen, helium, neon, argon, 
nitrogen, oxygen, fluorine, and carbon dioxide. The layered 
starting material can be selected from graphite, graphite oxide, 
graphite fluoride, preintercalated graphite, graphite or carbon 
fiber, graphite nano-fiber, clay, bismuth selenides or tellurides, 
transition metal dichalcogenides, sulfides,  selenides, or tellu-
rides of niobium, molybdenum, halfnium, tantalum, tungsten, 
or rhenium. The prepressurizing step is conducted at room 
temperature and the starting  material is brought in contact 
with the pressurized gas.

The gas supply to the intercalation chamber is from a gas 
cylinder as shown in Figure 3.6.

Pressure regulators are used to control the pressure in the 
exfoliation and intercalation chambers. The solubility of the 
gas in the solid increases with increasing pressure. The gas 
intercalation time can range from a few minutes to a few hours. 
A gas release valve is used to remove excess gases. The use of 
gas for intercalation can result in a lower cost of production.

Exfoliation is achieved by the reduction of pressure rather 
than by the use of high temperature. This is a semibatch 
 process. The use of environmentally benign gases and lower 
temperatures can result in lower cost of production in large-
scale graphene sheets. Fully isolated and separated platelets 
are found from this process. A nozzle is used to rapidly propel 
the gas-intercalated material from the intercalation chamber 
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FIGURE 3.6 Prepressurization, intercalation, and exfoliation stages during the production of graphene nanoplatelets.
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into the exfoliation chamber. Exfoliation is instantaneous. 
The exfoliation chamber is made with perforations in order to 
allow for exhaust gases to exit the chamber.

The diffusion time of gases τ = (λ2/DAB), where λ is the 
diffusion path and DAB is the binary diffusion coefficient 
(cm2.s−1) in a 100-µm graphite flake can be estimated to be 
about 11.5 days. This would imply a large intercalation time. 
By  increasing the temperature and/or by reduction of the 
flake size, intercalation times can be reduced. The diffusion 
coefficient of the intercalant in the graphite flake doubles 
every 10°C or increases in an Arrhenius manner. When the 
flake size is reduced from 100 to 1 µm, the diffusion time 
will reduce to 100 s at room temperature. This can be  further 
reduced by increasing the intercalation chamber temperature. 
These  estimates of diffusion times can be refined by the use 
of damped wave diffusion and relaxation models [31]. In these 
cases, Knudsen diffusion effects may be significant. For 
materials with large relaxation times, the diffusion process 
is characterized by the damped wave diffusion and relaxation 
mechanism. The centerline transient concentration for the 
case of a finite slab subject to a step change in the concentra-
tion can be given as [21] follows:
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where u is the dimensionless concentration, u = (CA − CAs/
CA − CAi), CAi = initial concentration of the gas in the finite 
slab of width 2a, CAs = concentration of the gas at the surface, 
CA is the concentration of the gas in the slab as a function of 
space and time, τ is the dimensionless time and given by (t/τr), 
and τr is the relaxation time of the material. It was shown that 
the values of the constants in the infinite series in Equation 
3.37, cn, and the eigenvalues, λn, were given by
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It can be realized from Equation 3.37 that a steady-state 
concentration will be attained after a said time tss. At this 
point, the value of u would become zero. This is one of the 
novel features of the damped wave diffusion and relaxation 
model for materials with large relaxation times:

 

τ
πr

AB

a

D
>







2

 
(3.39)

At the point where the concentration reaches steady state, 
the value of the argument in cosine function in Equation 3.37 
would become π/2. At this juncture,
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Equation 3.41 is applicable for materials with large relax-
ation times as given by Equation 3.39. Equation 3.39 is applied 
to the 1-µm graphite flake and the time to steady state after 
the transient diffusion of gas for intercalation is completed 
can be estimated at about 22.2 µs. The relaxation time was 
estimated from acceleration of the molecule considerations as 
follows [13]:
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The thermal conductivity of graphene is taken as 13 
times that of copper and is about 5248 W.m−1.K−1, the pres-
sure is taken as 20 atm in the intercalation chamber, and 
the heat capacity is taken as 5R/2. For the 100-µm flake per 
Equation 3.39, damped wave effects will not be dominant and 
the Fick diffusion model is sufficient to describe the transient 
diffusion events.

The exfoliation step follows the intercalation stage 
(Figure  3.6). The gas-intercalated material is discharged 
through a nozzle into the exfoliation chamber. The reduction 
in pressure in the exfoliated chamber results in  reduction in 
the solubility of the gas in the graphite material. The gas–solid 
system can be expected to be at a supersaturated state. Gas 
species in excess can be expected to exit the solids. Owing to 
the driving force of the pressure difference between the inter-
stices of the solid material and the exfoliation chamber, the 
gas species can be expected to overcome the van der Waals 
forces that keep the graphene planes together. The layer sepa-
ration of graphene flakes seems to come about in this manner. 
In summary, when the laminar material is subjected to a high-
pressure gas, the gas molecules penetrate into the interstitial 
space of the solid up to a point where the internal pressure 
equals the intercalation chamber pressure. When the solid 
material is subject to a lower pressure as is the case in the exfo-
liation chamber, the gases in the interstitial spaces will have a 
tendency to expand. This inclination is sufficient to overcome 
the intersheet van der Waals forces and thus effect the layer 
separation of the graphene layers. Subsequent to exfoliation, a 
mechanical attrition step may be included in order to achieve 
the desired particle size reduction. Grinding, pulverization, 
ultrasonication, and milling are examples of mechanical attri-
tion methods. Ball milling is an effective method for mass 
production at lower costs. Supercritical carbon dioxide can be 
used as an intercalating gas that is later exfoliated.

3.16 GRAPHENE SHELL FORMATION

In the micromechanical method, a ScotchTM tape from 3M 
Corporation, Minneapolis, Minnesota is attached to a graphite 
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sample. When the tape is detached, the graphene layer is sepa-
rated with it. In this case, the separated graphene sheet does 
not have a uniform number of layers and it is not clear how 
a large-area graphene sheet can be made from this method. 
Samsung [31] patented a lower-cost process to make graphene 
in the form of a shell structure. A polymer that is hydropho-
bic–hydrophilic is coated on a catalyst that can be used in 
graphitization. Heat treatment results in the formation of 
 graphene shells. The shells can be made outside solid spheres, 
cylinders, polyhedrons, and plates. The shape imparted to the 
graphene shell can be controlled by the selection of the shape 
of the catalyst used. A catalyst that can be used is from the 
class mentioned in Section 3.7.

Amphiphilic polymer, liquid crystal polymer (LCP), or 
conductive polymer can be used for the coating. The hydro-
philic group is one of hydroxyl, carboxyl, sulfate, sulfonate, 
phosphate, and phosphonate functional groups. Examples of 
hydrophobic groups are one of halogen, halogenated alkynyl, 
alkeneyl, alkoxy, hetero alkyl, aryl, and arylalkyl functional 
groups. Polyacetylene and polythiophene are examples of con-
ductive polymers. The polymer may be formed in situ  during 
the coating step. The time and temperature needed for the 
heat treatment step is 6–600 min and 400–2000°C, respec-
tively. Upon heat treatment, the graphene layer is separated by 
the removal of the catalyst by acid treatment. The thickness 
of the polymer coating can be used to control the thickness 
of the graphene layers. The thickness of the graphene shell 
can range from 1 Å to 100 nm. The diameter of the shell is 
made greater than 1 µm. Thermal energy can be provided by 
induction heating, laser irradiation, infrared radiation, micro-
waves, plasma heating, ultraviolet radiation, surface Plasmon 
heating, etc.

3.17 COAL TAR PITCH AS SOURCE

Coal tar pitch may be used as the starting material for the 
preparation of graphenes. Heat treatment of coal tar pitch 
followed by the steps of exfoliation and mechanical attrition 
can lead to nanoscaled graphene plate (NGP) materials. The 
heat treatment temperature may range from 300°C to 1000°C 
for partial carbonization. Complete carbonization may need 
heat treatment in the temperature range of 1000–3000°C. The 
electrical, mechanical, and thermal properties of NGP materi-
als are found to be comparable to CNTs. The graphene sheet 
is made by longitudinal scission of CNTs [32]. Coal tar pitch 
or polyacrylonitrile (PAN) polymer can be used as the starting 
material. A polymeric carbon with high aromaticity is formed 
using the heat treatment step. Nanometer-scaled crystallites 
are formed. The graphene sheet is a 2D crystalline material. 
Subsequent to heat treatment, the crystallites need to be exfo-
liated. Delamination of the graphene sheet is accomplished in 
the exfoliation step. Exfoliation may be achieved using chemi-
cal treatment, intercalation, foaming, or heating and cooling 
steps. The third step is attainment of desired size reduction by 
mechanical attrition. Single-layer NGP or material with stacks 
of graphene planes are reduced to sizes smaller than 10 nm. 
In the c axis, some graphene planes may remain bonded to 

each other by weak van der Waals forces. During the car-
bonizing heat treatment step, the noncarbon portions of the 
materials exit the material. The remaining solid is polymeric 
carbon. Polymeric carbons can exist as amorphous or crystal-
line forms. A spectrum of materials with varying proportions 
of amorphous and crystalline forms and defects is possible. 
Prior to the formation of graphene, polyacene with a repeat 
unit of C4H2 may have formed. These materials can later be 
transformed into wider aromatic ring structures as in the gra-
phene sheet. They can form a stack. They can form thicker 
plates at higher heat treatment temperatures. They can form 
a turbostatic structure in the carbon fiber at some of the time.

3.18 SUMMARY

The cost of production of graphene needs to be reduced from 
$60 per square inch of copper substrate to less than $1 per 
square inch of copper substrate for projected applications 
to be profitable. Graphene can be rolled into thin films by 
a transfer process. The process comprises of adhesion of 
polymer supports to the graphene on copper foil, etching of 
copper layers, and release of a graphene layer onto a target 
substrate. Graphene can be manufactured in an APFR. The 
outer tube is 8″ quartz and the inner tune is wrapped with 7.5″ 
copper foil. The operating temperature is 1000°C, the pres-
sure is 90–460 mtorr, and the cooling rate is 10°C.s−1. 150–
250 mm.min−1 transfer rates by thermal release is achieved 
at 90–120°C. The scalability of the process is high. Methane 
dissociates and the acetylene that is formed is adsorbed onto 
copper and then carbon is formed by surface reaction of cop-
per carbide. Adsorption kinetics may be assumed to be of the 
Langmuir–Hinshelwood type. Acetylene decomposition is 
autocatalytic and is by a free radical process. Axial flow in the 
annulus is laminar. Diffusion times are high and directed radi-
ally inward. The expression for the effectiveness factor can be 
derived. Heat effects can be assumed to be due to radiation.

Scientists at UCLA have developed a one-step solvother-
mal reduction method for the production of GO dispersions in 
NMP. The Hummers’ procedure was used for the oxidation of 
graphite and single-layer graphene was formed by the reduc-
tion of SGO. SGO is dispersed in DMF. Graphene can be 
deposited on the carbonizing catalyst from a carbon source. 
Liquid-carbon-based material can be brought in contact with 
the carbonizing catalyst and graphene can be implanted in the 
catalyst. Carburization conditions are well stirred at tempera-
tures of 100–400°C, contact times of 10 min to 48 h. Samsung 
used acid solutions to obtain graphene by exfoliation.

Scientists at Harvard University have developed an ion 
implantation method for graphene synthesis. Carbon atoms 
with precise dosage are introduced into polycrystalline nickel 
films. The carbon solubility in nickel increases with tempera-
ture. This can be used for the crystallization of carbon atoms 
in the nickel surface. 15% less carbon is used and layer control 
is higher using this process. Diffusion of carbon ions in nickel 
can be modeled using the Stokes–Einstein formulation for ion 
mobility. The acceleration of ions can be accounted for in the 
governing equation.
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Graphene can be made from ethanol using a reduction 
method similar to the Wolf–Kishner process using NaBH4, 
sodium hydroxide, and SDS surfactant. A scalable, high-
throughput route to graphene sheets was developed at the 
University of California, Riverside. A hypereutectic carbon 
and nickel system (Figure 3.2) was formed. Graphene is 
formed by crystallization. Spin coating of PMMA was used 
in the transfer and etching steps. The Richard E. Smalley 
Institute for Nanoscale Science and Technology developed 
a chemical–thermal method for unzipping CNTs into gra-
phene. The suspension of MWCNTs is acid washed and GO 
is then reduced into graphene. SDS surfactant was used. The 
aliter was to melt potassium over MWCNTs under vacuum 
at 250°C. The potassium-split MWCNT was exfoliated using 
cholosulfonic acid.

Alternating layers of graphene and graphane with nanorib-
bon morphology was patented by IBM, Armonk, New York. 
This morphology is desired in the electronics industry. In situ 
electrochemical reduction of GO film on ITO substrate was 
shown in using a CH1660C workstation and three electrode 
system. Flash cooling right after the CVD step was reported. 
Nickel was reacted with ethanol. Cooling was from 900°C to 
560°C and the cooling time was 10 s. Graphene formed on the 
nickel surface and was then transferred.

In order to cut the cost of production, graphene platelets are 
used in place of CNTs. High furnace temperatures can increase 
utility costs. The expensive washing step is eliminated. The 
process comprises of three steps of prepressurization, interca-
lation, and exfoliation. The gas species is intercalated and then 
graphene is exfoliated in the exfoliation chamber. Fluidization 
is used. Gas intercalation times can range from a few minutes 
to a few hours. Intercalation by gas and exfoliation by reduc-
tion of pressure are cost saving. The diffusion time of gases 
in a 100-µm flake can be estimated at 11.5 days. When the 
flake size is reduced to 1 µm, the diffusion time reduces to 
100 s. Refined estimates of diffusion times can be made using 
damped wave transport and relaxation models. A steady-state 
concentration can be realized after a said time. For 1-µm 
flake, the time to steady state is estimated at 22.2 µs.

Samsung has patented a lower-cost process to make gra-
phene in the form of a shell structure. The shape of the  catalyst 
is used to determine the shape of the shell such as sphere, 
 cylinder, polyhedron, and plate. Coal tar pitch and PAN can 
be used as the starting material to make graphene.

Fullerenes are the third allotropic form of carbon. Euler 
stability can be met using some pentagons in order to close a 
sheet of hexagons. The combustion synthesis method is used 
in PFR to make fullerene. The second-generation process is 
lower in cost. Other methods for fullerene synthesis are the 
counter diffusion from solution to form needle fiber, super-
critical extraction, electric arc process, and the chemical route 
to corannulene from naphthalene. The acid-catalyzed aldol 
trimerization of ketone can be used to zip oligoarene into a 
soccer ball structure.

CNTs are graphene sheets rolled about their needle axis. 
The five methods of the synthesis of CNTs are arc discharge, 
laser ablation, CVD, high pressure carbon monoxide process 

(HIPCO), and surface-mediated growth of vertically aligned 
tubes.

The electrochemical method for graphene preparation has 
been developed at the University of Texas, Austin. Graphene 
flake synthesis was made possible by tuning the parameters 
that went into the swelling of the electrode during battery 
charging. Electrically conducting paper can be made from 
graphene ink. Chemists at Rice University have developed an 
etching method. Metal substrates other than copper can be 
used, such as iron, ruthenium, cobalt, rhodium, etc.
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4 Synthesis and Application of 
Graphene Nanoribbons

Emma Aryee and Ajay K. Dalai

ABSTRACT

The synthesis of graphene nanoribbons (GNRs) from gra-
phene is an active area of research. GNRs have unique ther-
mal, chemical, electronic, and mechanical properties. GNRs 
can be produced using lithographic patterning, plasma etch-
ing of graphene, sonochemical breaking of graphene, nano 
cutting of graphene using metal catalyst, oxidation cutting 
of graphene, chemical vapor deposition (CVD), and unzip-
ping of carbon nanotubes (CNTs). This chapter contains an 
overview or detailed experimental procedure for each of the 
aforementioned methods including conditions that can be 
used to optimize the production of GNRs. Some advantages 
and limitations pertaining to some of these methods are also 
mentioned in this chapter. In view of the worldwide grow-
ing interest and the development of carbon nanotechnology 
this chapter also highlights the applicability of CNTs in the 
fabrication of GNRs. Effective characterization of GNRs can 
be accomplished via Raman spectroscopy, scanning electron 
microscopy, high-resolution transmission electron micros-
copy, x-ray powder diffraction, atomic force microscopy, 

and x-ray photoelectron spectroscopy. The ultrathin width 
(<10 nm) of GNRs makes GNRs appropriate to be used as 
active materials for electronic applications.

4.1 INTRODUCTION

Graphene structure is made of two-dimensional thin layers 
of hexagonal carbon atoms with zero-band gap semimetal 
properties. Graphene has outstanding electronic, physical, 
and chemical properties that renders it an appropriate candi-
date for use in applications such as chemical sensors (Schedin 
et al. 2007), single electron transistors (SET) (Ponomarenko 
et  al. 2008), and ambipolar transistors (Huard et  al. 2007). 
The availability of a band gap in graphene-based materials 
such as graphene nanoribbons (GNRs) makes them attractive 
for use in applications such as field-effect transistors (FETs) 
(Chen et  al. 2007) and electronic devices. Narrower GNRs 
(less than 10 nm in width) with quality edges are required to 
open or increase the band gap in GNRs in an effort to attain 
high on/off current ratios critical in nanoelectronics and 
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other applications (Katsnelson 2007; Wang et  al. 2008; Ma 
et al. 2013).

Synthesis methods for producing one-dimensional GNRs 
of varying widths and heights include lithographical pattern-
ing of two dimension graphene via a chemical route, unzip-
ping of carbon nanotubes (CNTs), and sonochemical breaking 
of chemically derived graphene. As a result the synthesis 
environment can be solution based, template substrate based, 
or CNTs partially embedded in a polymer (Chen et al. 2007; 
Han et al. 2007; Campos-Delgado et al. 2008; Li et al. 2008; 
Jiao et al. 2009, 2010b; Kosynkin et al. 2009; Ma et al. 2013). 
A list of some synthesis methods and references are shown in 
Table 4.1.

Transmission electron microscopy (TEM), atomic force 
microscopy (AFM), and scanning electron microscopy 
(SEM) are examples of techniques used for image analysis of 
GNRs. Raman spectroscopy is also an important technique 
for determining the quality of GNRs. Other techniques used 
to evaluate the properties of GNRs include thermogravimet-
ric analysis (TGA), x-ray powder diffraction (XRD), and 
x-ray photoelectron spectroscopy (XPS) (Chen et  al. 2007; 
Campos-Delgado et al. 2008; Jiao et al. 2010b).

4.2 GRAPHENE

Graphene consists of sp2 hybridized carbon atoms that form 
two-dimensional sheets of hexagonally arranged carbon 
atoms. Over the years, the interest  in using graphene materi-
als in various applications is attributed to graphene’s excel-
lent physical and electrical properties. This include high 
intrinsic carrier mobility, good noise immunity, high thermal 
conductivity, and mechanical strength. Graphene exhibits 
semimetallic behaviors as well. However, the use of graphene 
materials in electronic devices poses a challenge due to their 
inherent zero band gap that has to be opened (in the case of 
GNRs) in order to enhance their viability in semiconductor 
or other applications. The zero-gap occurs because the lowest 
conduction band and highest valence band touch each other. 
With a zero band gap the on/off current ratios of graphene is 

approximately 10–100 and solely depends on its state density. 
The setback is that low current ratio graphene’s consume high 
energy when used in digital applications (Novoselov et  al. 
2004; Zhang et al. 2005; Katsnelson 2007; Chen et al. 2007; 
Li et al. 2008; Lin et al. 2008; Castro Neto et al. 2009; Lv and 
Mauricio 2012). The extremely high carrier mobility in gra-
phene materials is also of great benefit when such materials 
are used in electronics and high frequency devices (Ago et al. 
2012; Batzill 2012).

4.3 GRAPHENE NANORIBBONS

GNRs consist of single layer graphene sheets (GSs) with high 
on/off current ratios (>104) that have been processed into strips 
of nanoscale width (<100 nm) by employing synthesis meth-
ods such as unzipping of CNTs, chemical vapor deposition 
(CVD), lithographic patterning, sonochemical, plasma etch-
ing, and metal-catalyzed cutting of graphene (Areshkin et al. 
2007; Chen et al. 2007; Cano-Marquez et al. 2009; Jiao et al. 
2009; Kosynkin et al. 2009; Elias et al. 2010; Ago et al. 2012). 
The quality and quantity of GNRs can be affected by some 
synthesis parameters and uncontrollable conditions used in 
the fabrication process (James and Tour 2012).

The band gaps created in GNRs are dependent on the edge 
orientation and width whereas the structure and degree of 
edge termination impacts GNRs functionality  (Batzill 2012). 
In order to integrate GNRs into devices, parameters that need 
to be controlled include the width, edge smoothness, quality, 
and alignment of GNRs (Jiao et al. 2010a,b). GNRs have two 
morphologies (zigzag and armchair) and the edges of GNRs 
could be zigzag, armchair (Figure 4.1), or a mixture of both 
(Nakada et  al. 1996; Yang et  al. 2007a,b; Campos-Delgado 
et  al. 2008). GNRs with zigzag edges are known to exhibit 
metallic properties as compared to those with armchair edges  
that showed both semiconducting and metallic properties 
(Nakada et  al. 1996; Ci et al. 2008; James and Tour 2012). 
The electronic properties of GNRs are therefore dependent 
on the zigzag or armchair edge configuration. These edges 
are very reactive and narrower GNRs with width less than 
10 nm could have similar behaviors such as semiconducting 
or metallic one-dimensional wires based on the way the edges 
are terminated (Nakada et  al. 1996; Terrones et  al. 2010; 
James and Tour 2012).

(a) (b)
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FIGURE 4.1 Armchair (a) and zigzag (b) GNRs. (From Yang, L. 
et al. Physical Review Letters 99, 2007b: 186801-1–186801-4.)

TABLE 4.1
Synthesis Methods for GNRs

Method Environment Reference

Unzipping of CNTs Kosynkin et al. (2009)

Sonochemical breaking of 
chemically derived graphene

Solution Li et al. (2008); Wu 
et al. (2010)

Bottom-up approach Cai et al. (2010)

CVD Templated 
substrate

Campos-Delgago 
et al. (2008)

Plasma etching CNTs partially 
embedded in 
polymer film

Jiao et al. (2009)

E-beam lithography Han et al. (2007); 
Zhang et al. (2005)
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GNRs act as excellent reinforcement materials for nano-
composites synthesis since they are derived from gra-
phene which are well known for their mechanical strength. 
Additionally, the high aspect ratio (length/width) of GNRs 
enhances their capability of blending with polymers in the 
molten state as well as the ability to have functionalized edges 
that are more compatible with polymer matrices (Rafiee et al. 
2010). GNRs have axial strength similar to that of CNTs, 
however they are more flexible than CNTs since they possess 
a bending stiffness that is two orders of magnitude less than 
that of CNTs (Bets et al. 2009).

The band gap, electronic, and quantum transport proper-
ties of GNRs can be significantly changed by doping GNRs 
with different heteroatoms (boron [B], nitrogen [N], and phos-
phorus [P]). Apart from the type of dopants, these properties 
are also influenced by the concentration and location of the 
dopants within the graphene system. Doping can be achieved 
by following two pathways, that is, electrical doping (e.g., gate 
controlled, metallic cluster-induced, and substrate-induced 
doping) or chemical doping (e.g., substitutional doping with 
heteroatoms or molecular doping). With electrical doping, 
the chemical composition of the GS or lattice structure is 
maintained after treatment. On the contrary, chemical dop-
ing causes a displacement in the sp2 hybridized carbon atom 
and this in turn affects the properties of graphene. Doped 
GNRs are of great use in the design of semiconductors (Lv 
and Mauricio 2012).

4.4 APPLICATIONS AND PROPERTIES OF GNRs

Table 4.2 summarizes some applications of GNRs and prop-
erties or factors that make GNRs advantageous for use in 
these applications.

4.5 CNT UNZIPPING

CNT unzipping uses an oxidation method to produce gra-
phene oxide nanoribbons (GNORs) followed by a thermal 
annealing process to form reduced graphene nanoribbons 
(rGNRs) that are essential for GNR devices in applications 
such as optoelectronics or spintronics. The reagents used 
include potassium permanganate (KMnO4), sulfuric acid 
(H2SO4), and phosphoric acid (H3PO4) and the step-by-step 
method of procedure has been reported by Acik et al. (2012). 
Higginbotham et al. (2010) indicated that the quality of the 
graphene layers after reduction can be improved further by 
using phosphoric acid (H3PO4) which decreases defect forma-
tion. A detailed method of producing GNRs with low defect 
content can also be found in the work done by Acik et al. in 
2012. GNRs fabricated using (C2HF3O2 or H3PO4) at 60°C 
have, narrower ribbons (<100 nm), longer lengths (>5 mm), 
and perfect atomic edges since addition of a second acid pre-
vents vacancies from occurring within the nanoribbon. The 
extent of oxidation depends on the quantity of KMnO4 used 
(Higginbotham et al. 2010).

Kosynkin et  al. (2009) fabricated oxidized GNRs using 
sulfuric acid (H2SO4) and potassium permanganate (KMnO4) 
as the primary reagents. Figure 4.2 shows a step by step 
bulk production method that they used in producing GNRs. 
The initial process involved suspension of multiwalled car-
bon nanotubes (MWCNTs) in concentrated sulfuric acid for 
1–12 h followed by treatment of the intermediate product with 
500 wt% potassium permanganate (KMnO4) for 1 h at two 
different temperatures (i.e., 22°C and 55–70°C). The entire 
KMNO4 was allowed to be consumed and then the reaction 
mixture was further quenched by pouring the mixture over 
ice impregnated with some hydrogen peroxide (H2O2). The 
resulting solution was filtered using polytetrafluoroethylene 
(PTFE) membrane, and washing off the residue with acidic 

TABLE 4.2
GNRs Applications and Properties

Applications Properties or Factors Reference

Next-generation transistor 
channels and future 
carbon-based electronic 
and spintronic devices

• Presence of transport gap as a result of quantum 
confinements and edge effect

• Unique electronic and spin properties
• Thin, long strip GNRs with the ability to be laterally 

confined

Acik et al. (2012); Li et al. (2008); Wang et al. (2008); 
Wang and Dai. (2010); Jiao et al. (2009); Chen et al. 
(2007); Han et al. (2007); Pomomarenko et al. (2008); 
Crest et al. (2008); Castro Neto et al. (2009); Nakada et al. 
(1996); Barone et al. (2006)

High-frequency FETs • Enhanced on/off switching ratios due to opened band gap
• Lateral quantum confinement of electrons in graphene
• GNRs with less than 10 nm having suitable band gaps

Li et al. (2008); Wang et al. (2008); Wang, L et al. (2009); 
Chen et al. (2007); Han et al. (2007); Crest et al. (2008); 
Castro Neto et al. (2009)

Synthesis of novel materials • Half metallic nature, spin polarized ground state in zigzag 
shaped GNRs and enhanced excitonic effects

Son et al. (2006a,b); Yamashiro et al. (2003); Yang et al. 
(2007a)

Nanoelectronics and 
electromechanical systems

• Nanoscale widths (<20 nm) of GNRs Berger et al. (2006); Ozyilma et al. (2007); Lin et al. (2008)

Epoxy nanocomposites • High defects in GNRs (e.g., ID/IG of ~1.25) enables GNRs 
to interact better with the epoxy host

• Large surface areas possessed by GNRs (~511 m2/g) 
allows far greater interfacial interaction of GNRs in epoxy

Rafiee et al. (2010); Higginbotham et al. (2010); Marcano 
et al. (2010)
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water and ethanol/ether occurred respectively. Subsequently, 
a stepwise oxidation of MWCNTs to nanoribbons as well as 
nanoribbon oxidation followed (Kosynkin et al. 2009).

The isolated GNRs were found to be highly soluble in 
water (12 mg/mL), ethanol, and some polar organic sol-
vents. Straight-edged ribbons were formed since the CNTs 
were opened along a line which was comparable to the way 
graphite oxide was unzipped (Ajayan and Yakobson 2006; Li 
et al. 2006; Kosynkin et al. 2009). It is worth noting that the 

opening or cut could be a linear longitudinal cut or spiral cut 
depending on the CNTs initial site of attack or chiral angle. 
The minimization of the bond-angle strain associated with 
the opening of CNTs into GNRs also helped to slow down 
dione formation and cutting hence highly oxidized GNRs 
susceptible to 1, 2-diol formation are formed as a conse-
quence of the GNRs with minimum strain (Wolfe et al. 1981; 
Kosynkin et al. 2009). Numerous oxygen functional groups 
become localized at the ribbon edges or along the plane/axis 
of carbon nanoribbons after single-wall carbon nanotubes 
(SWCNTs) or MWCNTs have been oxidized and the ramifi-
cation for this is the unzipping of the GS after the underlying 
C–C bond had ruptured (Kosynkin et  al. 2009; Acik et  al. 
2012; Batzill 2012).

Although carbonyl- or oxygen-containing groups are nor-
mally formed on the graphene edges at the end of the oxida-
tion processes, it was discovered in one report that oxygen 
 containing edge groups formed after MWCNTs had been 
unzipped using a combination of sulfuric acid (H2SO4) 
and potassium permanganate (KMnO4) could also be 
removed after annealing in hydrogen (Kosynkin et al. 2009; 
Batzill 2012).

In 2010, Rafiee and coworkers were able to unzip MWCNTs 
using a solution-based (permanganate in acid) oxidative 
mechanism. Due to the formation of oxygen containing bonds 
and consequently the formation of GONRs a chemical reduc-
tion step was applied to remove the oxygen groups in order 
to form GNRs. Thermal reduction of GONR was conducted 
by heating GONRs to 1050°C for approximately 35 s in a 
tube furnace. More details on their method are available in 
their report. SEM images revealed complex wavy-structured 
strips of GONRs indicating that the MWCNTs had been com-
pletely unzipped. The average length, width, and thickness of 
GNRs were also found to be approximately 5 µm, 78 nm, and 
4 nm respectively. The width and length of the GONR strips 
were in the range of 50–100 nm and 1–10 µm respectively. 
The yield of these GNRs produced from length wise cutting 
and opening of the side walls of MWCNTs is almost 100% 
(Rafiee et al. 2010).

SWCNTs can also be unzipped to produce GNRs and this 
was demonstrated in the work done by Cataldo et al. in 2010. 
In order to prepare GNRs, 200 mg of pristine SWCNT was 
dispersed in a mixture of 200 mL concentrated HNO3/H2SO4 
prepared using a 1:3 volume ratio. Ultrasonic treatment was 
subsequently applied to the content of the mixture for 8 h at 
50 W and 45°C. The resulting product was then washed with 
distilled water until a neutral form was attained before drying 
in an oven at 100°C (Cataldo et al. 2010).

Kim et  al. (2010) also developed a lenient method for 
producing GNRs via MWNT unwrapping with the aim of 
preserving the quality of the MWCNT being used. In their 
approach electrical current was used to induce the unwrapping 
of MWNT to generate GNRs. Figure 4.3 shows the step-by-
step procedure of this approach. Initially, a movable electrode 
(Figure 4.3a) was used to contact and unwrap MWNT with 
the aid of an applied electrical current (Figure 4.3b). Proper 
voltage bias control was therefore necessary to ensure that the 
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upper portion of the MWNT outer wall was affected (Figure 
4.3c). The GNR precursor was then created and allowed to 
attach to the residual inner core of the MWNT. Following 
this, the GNR was systematically removed from the MWNT 
by sliding it in between the GNR and the MWNT inner core 
at a rate of 1–10 nm/s (Figure 4.3d). Rather than stopping the 
sliding procedure once required amounts of GNRs had slid 
off, the resulting GNR product could also be removed from 
the MWNT (Kim et al. 2010).

The method used in fabricating the MWCNTs starting 
material has an impact on the GNRs formed. The application 
of the H2SO4–KMnO4 treatment method on a single sample 
of MWCNTs produced by the laser-oven technique resulted in 
the formation of fewer GNRs-like structures. It was also noted 
that the tendency for consecutive tube opening of MWCNTs 
can be controlled depending on the amount of oxidizing agent 
and this was confirmed by TEM results which revealed that in 
80–100% of available MWCNTs, the use of 500 wt% KMnO4 
caused the sidewalls to totally open and form GNRs. The 
BET surface area of the  as-synthesized GNRs were found to 
be 445 m2/g (Kosynkin et al. 2009). For GNRs produced by 
the unzipping of CNTs, the use of an array of well-defined 
CNT structures led to the formation of GNRs with controlled 
widths, edge structures, alignment, and placement necessary 
for device integration (Jiao et al. 2009).

Although the longitudinal unzipping of MWCNTs has 
been shown to produce high yield GNRs, the downside of 
this method is that the widths of GNRs produced exceed 
10 nm, since their widths are limited by the diameter of the 
MWCNTs used. In converting CNTs to GNRs one great chal-
lenge is to enhance the way in which the CNTs are cleaved 
in the longitudinal direction so that the circumference of the 
CNTs is not rapidly etched (Jiao et al. 2009). Though CNT 

unzipping and further trimming is an effective way to pro-
duce thin GNRs, some challenges exist when trying to pro-
duce long and straight GNRs (Kang et al. 2011).

4.6 SONOCHEMICAL

Jiao et al. (2010b) were able to produce pristine GNRs of few 
layers by using mechanical sonication in an organic solvent 
to unzip MWCNTs that had previously been mildly oxi-
dized via a gas-phase technique. This procedure for unzip-
ping MWCNTs involved two steps as revealed in Figure 4.4. 
First of all, the pristine MWCNT soot fabricated from the 
arc discharge method were calcined in air at a temperature 
of 500°C. This mild condition was aimed at eliminating 
impurities and etching MWCNTs at the defect sites and ends 
in order not to oxidize the sidewalls of pristine nanotubes. 
Subsequently, the resulting product was dispersed (sonica-
tion) in, 1, 2-dichloroethane (DCE) organic solution of poly 
(m-phenylenevinylene-co-2, 5-dioctoxy-p-phenylenevinylene 
(PmPV). This caused the calcined nanotubes to unzip into 
highly efficient nanoribbons. Traces of nanotubes and gra-
phitic carbon nanoparticles were removed via an ultracentri-
fuge process. This led to the formation of high percent GNRs 
(>60%) in the supernatant. The yield of the GNRs produced 
using this method was approximately 2% of the pristine 
MWCNT. Improvement in the yield of the resulting GNRs 
can be achieved by repeating the unzipping process for the 
remnant MWCNTs in the centrifuged aggregate and then 
using a much higher calcination temperature and lengthier 
sonication duration (Jiao et al. 2010b). The GNRs produced 
from this method are of high quality, have smooth edges, and 
low disorder to graphitic Raman band ratio. Thus far, these 
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GNRs have the highest electrical conductance and mobility 
(i.e., up to 5e2/h and 1500 cm2/Vs for 10–20 nm width GNRs) 
and exhibit phase-coherent transport and Fabry–Perot inter-
ference which signifies that defects and edge roughness are at 
their minimum (Jiao et al. 2010b).

In another development, chemically derived GSs were 
used to produce long and narrow GNRs by two major steps 
(chemical exfoliation and sonochemical cutting). GSs were 
fabricated from artificial graphite and the processing steps 
needed to accomplish this followed this sequence, that is, 
oxidation, thermal exfoliation, H2 reduction, dispersion, and 
centrifugation. The low crystallinity and small lateral size of 
the initial artificial graphite used was of great advantage. At 
the start of the experiment 10 mg of the GSs produced was 
dispersed in a 100 mL mixture of 0.1 wt% polyvinylpyrrol-
idone (PVP) and 0.1 wt% sodium dodecyl sulfate by undergo-
ing 1 h sonication using a high-shear mixer to form a stable 
homogeneous suspension (Wu et  al. 2009, 2010). 1 mL of 
hydrazine hydrate was then added to the homogeneous sus-
pension slowly with vigorous stirring in an effort to remove 
the oxygen-containing groups that occurred. This procedure 
also restored the extended conjugated sp2 network of GNRs 
or GSs. The resulting solution was refluxed for 36 h at 100°C 
using a water-cooled condenser. Following this, high speed 
centrifugation was conducted three times (at 12000 rpm for 
5 min) to eliminate the large pieces of GSs in order to recover 
the GNR supernatant (Wu et al. 2010). The GNRs produced 
were several micrometers in length and comprised of about 
75% single layer. Also about 40% of the GNRs had widths 
narrower than 20 nm whereas 85% of the GNRs had widths 
ranging from 5 to 50 nm.

Based on the AFM and TEM results, even though wedge-
shaped GNRs with an angle of 10–30° in between each edge 
were present, most of the GNRs produced were of regular 
shapes with two parallel smooth edges. The overall yield 
was about 5 wt% of the initial GSs used. This synthesis 
method is effective due to the high density of the GNRs pro-
duced. It is worth noting that the formation and distribution 
of line faults on graphite oxide and GSs have a significant 
impact on the GNRs produced (Stankovich et al. 2007; Wu 
et al. 2009, 2010).

For GNRs produced using the sonochemical method, 
the structure of the precursor monomers have an impact 
on the topology, width, and edge periphery of GNRs and 
therefore enables wide varieties of GNRs to be formed (Cai 
et  al. 2010). Different shapes and widths of GNRs with 
varying electronic properties can be produced depending 
on the type of halogen-functionalized molecular precur-
sors used. Hence, an armchair GNR with N = 7 produced 
from 10, 10′-dibromo-9, 9′-bianthryl precursor monomers 
has a bandgap of 1.6 eV whereas other related GNRs with 
N = 9 and N = 11 ribbons have much smaller bandgaps of 
approximately 0.7 eV and 0.2 eV respectively. Although 
different topologies can be observed, the conduction bands 
rarely disperse and this is an indication of a more localized 
charged degree due to peculiar zigzag shape GNRs (Son 
et al. 2006a,b; Yang et al. 2007a,b).

Work by Li et al. (2008) shows that sub-10 nm GNR semi-
conductors can be produced from intercalated and exfoliated 
graphite using a chemical sonication route. High on–off ratios 
of approximately 107 was realized when these GNRs were 
used in FETs application. The drawback from this method 
was that the GNRs produced had low yield and broad width 
distribution. The widths fell within the range of less than 
10 nm to approximately 100 nm (Datta et al. 2008; Li et al. 
2008; Campos et al. 2009; Wu et al. 2010).

4.7 BOTTOM-UP APPROACH

An atomically precise bottom-up fabrication method can be 
used to produce GNRs of different topologies and widths. In 
this method a surface-assisted coupling of molecular precur-
sors into linear polyphenylenes followed by cyclodehydroge-
nation was necessary (Cai et al. 2010). Figure 4.5 shows the 
necessary steps used in synthesizing prototypical armchair 
ribbon of width N = 7. Basically, 10, 10′-dibromo-9, 9′-bian-
thryl was used as precursor monomers and the initial step 
required the thermal sublimation of the monomers onto a solid 
surface in order to remove their halogen substituent so that 
the molecular building blocks of the desired GNR (appearing 
in the form of a surface-stabilized biradical species) can be 
assessed. A linear polymer chain imprinted by the specific 
chemical functionality pattern of the monomer is then formed 
after the biradical species has diffused across the surface and 
undergone a radical addition reaction process. Following the 
first thermal activation step, a second thermal activation step 
was employed to allow the surface-assisted cyclodehydroge-
nation to form a fully extended aromatic system (Yang et al. 
2007b; Cai et al. 2010).
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FIGURE 4.5 Atomically precise fabrication of GNRs using a 
 bottom-up approach. (From Cai, J. et al. Nature 466, 2010: 470–473.)
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The aforementioned steps can also be used to produce 
GNRs with precursor monomers 1 (i.e., 10, 10′-dibromo-9, 
9′-bianthryl precursor monomers) on an Au (111) surface. Cai 
et  al. (2010) discovered that atomically smooth GNRs with 
width and length of ~1 nm and ~30 nm respectively can be 
produced using the bottom-up chemical approach. Different 
ranges of GNRs can also be produced by varying the structure 
of the precursor monomers which affects the topology, width, 
and edge periphery of GNRs (Cai et al. 2010).

GNRs with complex shapes can also be produced by this 
method since the topology of the GNRs produced depends 
on the functionality pattern of the precursor monomers. As 
an example, chevron type GNRs with widths alternating 
from N = 6 to N = 9 can be produced using 6, 11–dibromo 
1,2,3,4-tetraphenyltriphenylene precursor monomers 2. A 
monomer designed for heteromolecular coupling, for exam-
ple,1, 3, 5-tris (4″-iodo-2′-biphenyl) benzene with C3 sym-
metry without steric hindrance can be used to fabricate a 
threefold GNR junction. Apart from Au (111) templates, Ag 
(111) templates can also be used to fabricate bottom-up GNRs 
(Cai et al. 2010).

The advantage of the bottom-up method of producing 
atomically precise GNRs is that moderate temperatures 
(<450°C) are used and this condition is suitable for current 
complementary metal-oxide-semiconductor (CMOS) technol-
ogy. Moreover since all the synthesis steps are performed in 
situ, the intrinsic properties of GNRs can be probed on clean 
and well-defined substrates. The challenge with this synthesis 
method is that the substrates used are technologically impor-
tant even in the process of inducing dehalogenation, C−C cou-
pling, and cyclodehydrogenation steps (Cai et al. 2010).

Surfaces with morphologies capable of accommodating 
the assembling of nanostructures are usually used as tem-
plates. Examples of such morphologies include periodic or 
step edges on vicinal surfaces or faceted surfaces with typical 
crystallographic orientations. GNRs can also be grown effec-
tively on carbide surfaces. As an example, growth of GNRs on 
vicinal TiC (410) surfaces with (100) terraces produce GNRs 
of 0.886 nm width similar to the vicinal TiC surface (Batzill 
2012). An innovative way of making GNRs of uniform width 
is to incorporate molecules (e.g., precursor hydrocarbons mol-
ecules containing two halogen end groups, 10, 10′-dibromo-9, 
9′ bianthryl precursors) into chains at these surfaces. The 
type of precursor used have an impact on the width of GNRs 
produced or the formation of complex graphene architectures 
such as zigzag wires or Y-junctions in wires. This new method 
allows the size and morphology of GNRs to be accurately 
controlled, hence GNRs with predefined properties are fabri-
cated. Two main drawbacks with this method are the inability 
to scale-up this method for commercial applications and lack 
of control in transferring GNRs into devices (Cai et al. 2010; 
Batzill 2012).

4.8 CVD METHOD OF SYNTHESIS

An aerosol pyrolysis method adapted from the work of Pinault 
et al. in 2004 can be used to produce large-scale manufacturing 

of thin GNRs using the CVD method. The precursor solu-
tion used for this work consisted of 0.266 mL of thiophene 
(C4H4S) and 2.80 g of ferrocene (FeCp2) in 280 mL of ethanol 
(CH3CH2OH). With the help of argon carrier gas flowing at 
the rate of 0.8 L/min, aerosols of the precursor solution gener-
ated with an ultrasonic sprayer were introduced into a quartz 
tube embedded in a two-furnace system. Each of the two-
furnaces operated at a temperature of 1223 K. Once the reac-
tion had run for 30 min, the ultrasonic sprayer was turned off 
and the argon flow was also decreased to 0.2–0.3 L/min. The 
quartz tube was eventually removed from the furnaces after 
they had cooled to room temperature and deposits of black 
powdered material were removed from the walls of the tube 
within the vicinity of the first furnace (Pinault et  al. 2004; 
Campos-Delgado et al. 2008).

The pristine powders were found to be GNRs with length 
in the micrometer range, however the width and thickness 
were 20–300 nm and <15 nm respectively. The GNRs were 
also made of 2–40 layers. Based on nitrogen (N2) adsorp-
tion analysis the BET surface area of the GNRs was found to 
be 59 m2/g. GNRs are predominantly made of carbon how-
ever, addition of a minute amount of sulfur (S) as a result of 
thiophene in the precursor solution helps in growing GNRs. 
Sulfur acts as a catalyst in the reaction however, an excess 
amount of S also inhibits the complete formation of GNRs. 
Iron (Fe) in the precursor solution acts as a cracking agent by 
cracking ethaniol and thiophene molecules to pave way for S 
and C to interact effectively and grow GNRs (Pinault et al. 
2004; Campos-Delgado et al. 2008). Campos-Delgado et al. 
(2008) commented that the time frame in which the precur-
sor solution was used had an impact on GNRs quality since; 
the quality was worse when the precursor solution used in the 
CVD method had aged for 3 weeks as compared to instances 
where a newly prepared solution was used.

In another report it was discovered that CVD conditions 
can be fine-tuned such that GNRs with (001) or high index 
surface are only grown on twin crystal regions. Narrow twin 
crystal regions are usually produced after a copper (Cu) film 
had been annealed (Sato et  al. 2013). Sato et  al. also real-
ized that the selective growth of GNRs was dependent on 
the partial pressure of methane (CH4) in the carrier gas (Ar/
H2). Graphite ribbons terminated with iron carbide particles 
with length, width, and thickness of 10 µm, 100–700 nm, and 
10–200 nm, respectively can be produced by decomposition 
of CO/H2/Fe(CO)5 at 400–700°C (Batzill 2012).

4.9 PLASMA ETCHING

Jiao et al. (2009) used an Ar plasma etching technique to con-
trol how CNTs were unzipped to produce GNRs. A schematic 
of the entire process is shown in Figure 4.6. As a first process-
ing step, MWCNTs had to be embedded in an etch mask, for 
example, a poly (methyl methacrylate) (PMMA) layer in an 
effort to remove longitudinal strip of carbon atoms from the 
CNTs sidewalls. To accomplish this, pristine MWCNTs (~4–
18 nm diameter) produced by the arc discharge method were 
dispersed in 1% surfactant solution using slight sonication. 
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The resultant solution was deposited on an Si substrate 
before spin coating a 300-nm thick film of PMMA onto the 
MWCNTs. Once the product from this step had been baked, a 
KOH solution was used to peel off the PMMA–MWCNT film. 
As a result of conformal PMMA coating on the substrate, the 
MWCNTs finally embedded in the PMMA film had a narrow 
strip of side wall that had not been covered by PMMA. The 
plasma etching process was finally introduced by application 
of 10-W Ar plasma to the PMMA–MWCNT film at differ-
ent durations. PMMA somehow acted as a protective shield, 
therefore the sidewall at the top of MWCNTs was the first to 
be etched and removed by the plasma (Jiao et al. 2009).

At the end of the etching duration, the PMMA film was 
contact-printed and attached to an Si substrate made up of a 
500-nm thick layer of SiO2. In the final stage of this method, 
acetone vapor was used to remove the PMMA film, and the 
polymer residue on the target substrate was subsequently 
removed by calcining at 300°C for 10 min. GNRs were even-
tually left on the substrate after calcination. 10 s of Ar plasma 
etching by this method resulted in the conversion of approxi-
mately 20% of the MWCNTs to single- or few-layer GNRs 
that were 10–20 nm in width and less than 2 nm in height. 
Other products from this method include multilayer GNRs or 
GNRs with CNT cores (Jiao et al. 2009).

The GNRs fabricated from the aforementioned method 
had smooth edges and the quasi-one-dimensional CNT tem-
plates with uniform diameter along their lengths led to the 
formation of ribbons with uniform width along their lengths. 
Results from this experiments showed that the formation of 
single-, bi-, and multilayer GNRs as well as GNRs with inner 
CNT cores were dependent on the diameter and number of 
layers of pristine MWCNT and the processing time for etch-
ing. Widths of GNRs produced from this method were nar-
rower than GNRs produced from the sonochemical method. 
The relatively wide diameter distribution of the pristine 
MWCNTs used had a limitation on the yield of GNRs (Jiao 

et  al. 2009). In another development Jiao et  al. (2010a) dis-
covered that the etching conditions could be optimized at the 
lowest stable power of 5 W and an etching time of 10 s since 
the majority of the CNTs were unzipped without being dam-
aged at these conditions. The efficiency of the unzipping was 
also dependent on the parent CNT diameter (Jiao et al. 2010a).

4.10 E-BEAM LITHOGRAPHY

Single sheets of graphene with ~20 µm lateral size that had 
been mechanically extracted from bulk graphite crystals onto 
an SiO2/Si substrate were used by Han et al. to fabricate GNR 
devices. At the onset of the experiment, GSs were contacted 
with Cr/Au (3/50 nm) metal electrodes and then a negative 
tone e-beam resist, that is, hydrogen silsesquioxane (HSQ) 
was spun onto the samples and patterned to form an etch 
mask. Oxygen plasma was then applied to the product from 
this step to etch away any graphene that was not protected. 
GNRs remain protected under HSQ mask as a result of this 
procedure and the fabricated GNRs had widths and lengths 
ranging from 10–100 nm and 1–2 µm respectively (Zhang 
et al. 2005; Han et al. 2007).

Electron beam lithography and etching techniques were 
used to produce narrow GNRs FET devices of 20–500 nm in 
width. As part of the initial processing step of synthesizing 
these GNR devices, GSs from three-dimensional (3D) highly 
ordered pyrolytic graphite (HOPG) had to be extracted via 
micromechanical cleavage (Novoselov et al. 2004; Chen et al. 
2007). Verification of the sheet thickness was accomplished 
using AFM to determine whether the sheets were single 
layer or consisted of few layer graphene. Following this, the 
extracted GSs were then deposited onto heavily p-doped Si 
substrates that had been covered with a 200 nm SiO2 layer. 
E-beam lithography was then used to pattern the graphene 
before moving on to the next step where an oxygen plasma 
etching process was applied to fabricate GNRs with varying 
widths. The etching mask used in this method was e-beam 
resist, HSQ. SEM images of the resulting GNRs can be seen 
in Figure 4.7. In this same figure, a three-terminal FET device 
was formed using the Si substrate as a back gate after the top 
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of the GNRs have been deposited with palladium (Pd) source 
drain contacts. GNRs of varying widths (20–500 nm) were 
made from this method (Chen et al. 2007).

The benefits of this combined lithography and etching 
method is that very narrow GNRs of 20 nm in size are formed 
since the ability to confine the width of graphene is enhanced 
(Chen et  al. 2007). Large arrays of aligned GNRs can also 
be produced using lithographic patterning (Jiao et al. 2010a). 
In addition thin GNRs can be precisely obtained using this 
method (Dhakate et al. 2011).

Although GNRs with wide ribbons (>20 nm) can be pro-
duced from GSs via lithographic patterning, the resolution of 
the lithography and etching method used have a limitation on 
the quality, width, and smoothness of the synthesized GNRs. 
GNRs with disordered edges have therefore been fabricated 
using lithography (Chen et al. 2007; Han et al. 2007; Tapaszto 
et al. 2008). Some difficulties are encountered with the lithog-
raphy process as the width and edge smoothness of GNRs at 
the sub-10 nm scale are being controlled (Jiao et al. 2010a). 
E-beam lithography for producing GNRs is costly during the 
mass production of GNRs and the graphene material can also 
be damaged by the e-beam lithography as a result of intensive 
electron illumination (Dhakate et al. 2011).

4.11 CHARACTERIZATION TECHNIQUES

4.11.1 raman SpeCtroSCopy

Raman spectroscopy is a powerful tool that is used to investi-
gate the structural and electronic properties of carbon-based 
materials. Based on Raman spectroscopy, a characteristic 
that can also be used to distinguish the number of layers of 
AB-stacked graphene is the shape of the second-order Raman 
band (2D). Measurement of the 2D to G intensity ratio can be 
used to analyze the number of layers in GNRs (Ferrari et al. 
2006; Graf et al. 2007; Ni et al. 2008). The quality of GNRs 
can also be determined by measuring the integrated D to G 
peak area ratio, that is, AD/AG. Apart from the common dis-
order-induced Raman D peak commonly found in all GNRs, 
most GNRs also exhibit the D′ peak which is representative 
of the edges present in GNRs (Behnam et al. 2012). Based on 
the work done by Cancado and coworkers in 2006, the aver-
age crystallite size of nanographite samples can be calculated 
using the AD/AG ratio of bulk graphene. GNRs with areas 
ranging from 0.2 × 104 to 4 × 104 nm2 are most likely mono-
crystalline and defect free (Cancado et  al. 2006; Behnam 
et  al. 2012). Strong defect sensitive bands in GNRs include 
the D band, D’ band, and disorder-induced combination mode 
(D + G) that occurs at approximately 1355 cm−1, 1620 cm−1, 
and 2940 cm−1 respectively (Campos-Delgado et al. 2008; Xie 
et al. 2011).

In terms of contamination, absence of a Raman peak 
within the radial breathing mode region of (100–300 cm−1) 
is an indication that GNRs have not been contaminated by 
CNTs (Wu et al. 2010). Aside the D, G, and other peaks that 
occur as a result of the finite width and low symmetry of the 
ribbons, the uniformity of the ribbons produced using the 

bottom-up approach can be validated by observing the width-
specific radial-breathing-like mode which appears as a sharp 
peak at approximately 396 cm−1 in a Raman spectrum. For 
GNRs with N = 6 radial-breathing-like mode frequency is 
about 50 cm−1 higher than that of N = 7 whereas, that of N = 8 
is about 50 cm−1 lower. From Raman spectroscopy, the radial-
breathing mode is a sensitive parameter used in identifying 
GNRs width (Cai et al. 2010). In relation to the sonochemical 
method, the high intensity ratio of the D band to G band and 
also broadening of both the D and G bands in GNRs produced 
from the sonochemical method may be due to edge atoms 
in GNRs, residual oxygen containing groups in GNRs, and 
vacancies and topological defects from degraded functional 
groups and sonication (Wu et al. 2010)

The effect of heat treatment or postsynthesis conditions on 
GNRs can be analyzed using Raman. Campos-Delgado et al. 
(2009) found out that CVD-grown GNRs become nondefec-
tive after being annealed at high temperatures (1500–2800°C) 
as a result of graphitization as well as the presence of single, 
double, and multiloop formation at the edges of the GNR 
samples. The aforementioned observation was also confirmed 
after Raman spectroscopy had been conducted on these 
annealed materials due to a decrease in the ID/IG and ID′/IG′ 
ratios with increasing temperatures. A decrease in intensity 
of D and D′ peak can be attributed to an enhanced structural 
order and crystallinity caused by high temperature treatment 
since the occurrence of open edges and lattice defects in 
GNRs contributes to the peak intensities of the D and D′ peak 
(Campos-Delgado et al. 2009). In terms of the edges of GNRs 
the armchair and zigzag edges exhibit different Raman spec-
tra with the armchair showing a larger intensity D band as 
compared with a much reduced zigzag D band edge (Cancado 
et al. 2004).

Electronic properties and Raman spectra results for zigzag 
GNR edges differ from that of armchair edges. As an exam-
ple, it has been reported that the intensity of the Raman D 
band signal is higher in the armchair edges than the zigzag 
edges. In addition at the Fermi level, the electronic state is of 
higher density in the zigzag edges than the armchair edges. 
Raman spectroscopy also shows that the high proportion of 
edges and ripples in GNR are reasons why the intensity of the 
D band in GNR is higher than the G band. GNR possesses 
smaller widths as a result of quantum confinements and edge 
effects (Nakada et al. 1996; Cancado et al. 2004; Kobayashi 
et al. 2005; Campos-Delgado et al. 2008).

4.11.2 x-ray powder diFFraCtion

XRD analysis of GNRs reveals reflections that are com-
mon to graphite patterns, for example, the (002), (100), (101), 
(004), and (110) reflections. The line width of diffraction lines 
at each peak position can be used to calculate the crystallite 
size and this parameter can also be validated using the SEM. 
On the average the interlayer spacing of pristine GNRs from 
CVD method is 3.36 Å at the (002) reflection and this is simi-
lar to that of pure graphite. Investigation relating to the gra-
phitic structure, layers of stacking, and identification of edge 
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structure can be analyzed using electron diffraction patterns 
from different GNRs (Campos-Delgado et al. 2008, 2009).

4.11.3 atomiC ForCe miCroSCopy

AFM instrument can be used to determine the thickness of the 
GS and to evaluate the number of layers (single or few layers) 
within the sheet (Chen et al. 2007; Zengxing et al. 2009). In 
one study, Jiao et al. (2010b) used AFM to distinguish between 
MWCNT and GNRs and observed that the apparent heights 
for nanoribbons were smaller (1–2.5 nm) than that of MWCNT 
(8 nm on the average). Based on AFM results, GNRs were 
found to be single, bi, or trilayered and their widths ranged 
between 10 and 30 nm. The nature of GNRs edges can be 
examined using AFM hence the GNRs edges were also found 
to be a little rough under AFM (Jiao et al. 2010b).

AFM can be used to measure the topographic height of 
GNRs and work by Wu et  al. (2010) indicated that GNRs 
exhibit three dominant peaks at 1.1 nm, 1.5 nm, and 1.9 nm. 
Usually the topographic height of GNRs falls within the range 
of 0.8–2.2 nm (Li et al. 2008; Wu et al. 2010). In the synthe-
sis of GNRs (e.g., CNT unzipping method) the occurrence of 
GNRs can also be confirmed by AFM based on a decrease 
in topographic height. Therefore, in another development a 
decrease by ~0.4–0.9 nm after the pristine CNTs have been 
unzipped was a clear indication that GNRs had been formed 
(Jiao et al. 2010a).

4.11.4  SCanninG eleCtron miCroSCopy, tranSmiSSion 
eleCtron miCroSCopy, and hiGh-reSolution 
tranSmiSSion eleCtron miCroSCope

GNRs morphology, structure, and some physicochemical 
properties can be determined using SEM, TEM, and high-
resolution transmission electron microscope (HRTEM) with 
an accompanying x-ray detector that is sensitive to light ele-
ments. Use of a detailed elemental energy dispersive x-ray 
(EDX) can help in identifying the trace elements in GNR 
materials. The edges of GNR can be examined using these 
instruments to find out if it has sharp cuts relating to zigzag 
or armchair edges (Campos-Delgado et al. 2008; Xie et al. 
2011). HRTEM is also helpful in revealing the hexagonal pat-
terns in GNRs and the nature of this pattern can also be con-
firmed with a Fast Fourier Transform (FFT) instrument. The 

SEM images of the GNRs synthesized using the CVD method 
are shown in Figure 4.8. Additionally, the TEM and HRTEM 
images of the GNRs are revealed in Figure 4.9 (Campos-
Delgado et al. 2008).

4.11.5 thermoGravimetriC analySiS

The degree of crystallinity in GNRs can be confirmed with 
TGA studies. Work by Campos-Delgado in 2008 showed 
that GNRs decompose around 700°C (Figure 4.10) and 
since highly crystalline CNTs produced via the arc dis-
charge method decompose at this same temperature, it can 
be inferred that the GNRs are highly crystalline materials 
(Campos-Delgado et al. 2008).

4.11.6 x-ray photoeleCtron SpeCtroSCopy

The type of carbon bonds in GNR samples can be examined 
using XPS studies. GNRs are normally made up of sp2 and 
sp3 hybridized carbon atoms, that is, approximately 39% sp2 
and 39% sp3. The remaining carbon atoms are bonded to O 
due to the formation of carboxylic groups (COO) and carbonyl 
groups (C=O). In total GNRs comprise of 85% carbon atoms 
and 15% oxygen atoms. In terms of oxidation, XPS can be 
used to measure the oxygen content in pristine MWCNT and 
the processed GNRs to ascertain whether the oxidation condi-
tion has had a mild or strong impact on the GNRs based on 
the difference between the oxygen content of MWCNT and 
the GNRs produced (Campos-Delgado et al. 2008). The sur-
face chemistry of GNRs can be examined using XPS hence in 
one study the absence of oxygen-containing groups in GNRs 
was confirmed from a C1s spectrum of GNR since it did not 
show peaks that relate to C–O (~286 eV) and C=O (~287.8 eV) 
(Rafiee et al. 2010). XPS quantitative analysis can be used to 
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FIGURE 4.8 SEM images (a–c) of GNRs from CVD method at 
different magnification.
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FIGURE 4.9 Low (a) and high (b) magnification TEM images of GNRs and HRTEM image (c) with corresponding FET. (From Campos-
Delgado, J. et al. Nano Letters 8, 2008: 2773–2778.)
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determine the atomic percentage of C, O, and N in GNRs and 
the presence of XPS carbon 1s spectra (C1s), oxygen 1s spec-
tra (O1s), and nitrogen 1s (N1s) occur at these binding ener-
gies, that is, 284.5 eV, 532 eV, and 400eV, respectively (Cai 
et al. 2010; Wu et al. 2010).

4.12 CONCLUSIONS

Each of the synthesis methods has its pros and cons and could 
lead to GNRs exhibiting either metallic or semiconducting 
behaviors. Both MWCNT and SWNTs can successfully be 
unzipped to produce GNRs however, an improvement in the 
yield and quality of GNRs is required since the GNRs of vary-
ing widths and lengths up to several micrometers are obtained 
from this method. Although GNRs of 20–300 nm width and 
2–40 layers can be produced in bulk quantities using the 
CVD method, the width, thickness, and edge roughness of the 
resulting GNRs are not promising in most cases. GNRs with 
10–20 nm narrow width and enhanced edge quality can be 
synthesized when partially polymer-embedded nanotubes are 
etched using plasma. The sonochemical breaking method for 
GNRs usually produces low yield (approximately 2%). Raman 
spectroscopy is one tool that is useful in probing GNRs and 
other tools essential for evaluation of GNRs include; AFM, 
HRTEM, XPS, XRD, and TGA.
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5 Preparation of Electrically Conductive 
Graphene-Based Aerogels to Modify 
the Supercapacitor Electrode Surface

Gianfranco Carotenuto, Valentina Romeo, Michele Meo, and Pietro Russo

ABSTRACT

Graphene aerogels are very useful materials for those tech-
nological applications where high surface development and 
good electrical conduction characteristics are required, for 
example, supercapacitors. Such nanostructured materials can 
be prepared by drying a highly concentrated graphene col-
loid; however, poor mechanical stability is typically achieved. 
In order to provide better mechanical resistance to this mate-
rial, graphene aerogels can be cross-linked by pure elemental 
sulfur (heating the sulfur/graphene aerogel blend at 180°C). 
In particular, graphene is a very good substrate for chemi-
cal functionalization by radical addition reactions, since its 
reactivity is comparable with that of other polycyclic aromatic 
hydrocarbons. The presence of carbon–carbon double bonds 
(C═C) makes this material an adequate substrate for radical 
addition reactions. For example, sulfur molecules (S8) decom-
pose at liquid state, producing linear biradicals c-S8→ ⋅ l-S8 ⋅ 
(λ-transition), which are able to graft the graphene-based 
framework of the aerogel, thus cross-linking it. Such a chemi-
cal process significantly improves the material mechanical 
stability. Scanning electron microscopy images of the gra-
phene–sulfur system (after this cross-linking process) showed 
the presence of sulfur molecules at the edges of neighboring 
GNP unities. X-ray energy dispersive spectroscopic mapping 
was carried out to verify the composition of such materials. 
Furthermore, differential scanning calorimetry was used to 
study the kinetic behavior of such cross-linking treatment; in 
fact, the complete sulfur–carbon network formation was evi-
denced by the progressive disappearance of the λ-transition 
signal of the pure sulfur phase. The amount of residual sul-
fur  in the chemically modified material was evaluated by 
thermogravimetric analysis and it corresponded to ca. 30% 
by weight.

5.1 INTRODUCTION TO SUPERCAPACITORS

Nowadays, a large number of devices for electric energy stor-
age (e.g., batteries, fuel cells, capacitors, supercapacitors/
ultracapacitors, etc.) are available. The characteristics of such 
devices are quite different but they can be conveniently clas-
sified by using Ragone’s plot (see Figure 5.1). In particular, 
fuel cells and batteries have a large energy and low-power 
contents; on the contrary, capacitors have a lower energy and 
higher power contents. Supercapacitors are just in the mid-
dle, with good specific energy and power characteristics, but 
such values are lower than that characteristic of batteries and 
capacitors, respectively. Consequently, these energy-storage 
systems are able to light a light-emitting diode (LED) only for 
a few seconds and a better performance is highly desirable.

The introduction of electrically conductive nanostruc-
tures (e.g., carbon nanotubes [CNTs], graphene, and pillared 
graphene) in these devices could significantly increase their 
performance [1,2], moving the supercapacitor energy-power 
domain to the right-side top of Ragone’s plot. Supercapacitors 
have a number of technological applications, especially where 
high-charging rates are required (e.g., in the case of digicams, 
portable media players, etc.). They can be used in conjunction 
with batteries as charge conditioners and, in the automotive 
field, as starters for large tanks, vehicles, etc. Ultracapacitors 
store electricity by physically separating positive and nega-
tive charges, unlike batteries that do so chemically. The 
charge they hold is like static electricity, but it is much greater 
because of the extremely high surface area of their internal 
materials. The structure of such devices is quite simple, they 
are made of two aluminum electrodes, whose surface has 
been modified by a carbon coating, separated by a liquid elec-
trolyte phase impregnating a separator. The research activ-
ity in supercapacitors concerns the electrolyte where ionic 
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liquids are mainly investigated for their very high content of 
charge carriers, the development of novel advanced separator 
membranes (both organic and inorganic materials are inves-
tigated), and principally the high-porous electrode coatings. 
Also, new designs for supercapacitor miniaturization are 
widely studied. For supercapacitors, the energy content, E, 
is directly proportional to the capacitance, C, which, in turn, 
increases with the electrode surface area, S:

 
C

S
d

= ε ⋅
 

(5.1)

 
E

1
2

C V2= ⋅ ⋅
 

(5.2)

Consequently, the supercapacitor energy content can be 
significantly increased by increasing the electrode surface 
area. Currently, the high-porous electrode coatings are based 
on an active carbon layer (internal surface of 500–1500 m2/g).

5.2  GRAPHENE AND GRAPHENE-
BASED HYBRIDS

Carbon is a unique chemical element able to constitute a large 
variety of chemical compounds by combining with H, O, N, 
and other elements and characterized by different allotropic 
forms (e.g., diamond, graphite, fullerenes, CNTs, graphene, 
nanoscrolls, etc.). Graphene is a recently discovered allotrope 
of carbon, whose structure is a one-atom-thick planar sheet 
of sp2-bonded carbon atoms, densely packed in a honeycomb 
crystal lattice. However, the graphene nanostructure can also 
be considered as a sort of stereo-rigid two-dimensional (2D) 

polymer that has been generated by the infinitive ripening of 
a benzene unit (the monomer). A number of novel nanostruc-
tures such as graphane (fully hydrogenated graphene), pillared 
graphene, eterographenes, etc., can be generated by chemical 
modification of the graphene structure. Graphene has differ-
ent very interesting physicochemical properties (see Table 5.1) 
[3]; however, the characteristics that make this material very 
interesting for fabricating high-porous electrically conduc-
tive coatings are the following: (i) it is a ballistic conductor 
(absence of electron scattering) with very high carrier mobil-
ity (ca. 106 S/cm) and (ii) it has a very high specific surface 
area (the theoretical values are 2630 m2/g).
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FIGURE 5.1  Classification of electric energy-storage devices (Ragone’s plot).

TABLE 5.1
Main Physical, Mechanical, and Chemical Properties 
of Graphene
Structural Dimension 2D (Thickness: 0.34 nm)

Young’s modulus 1 TPa

Tensile strength 130 GPa

Band gap 0 eVG
(zero-gap semimetal)

Electrical conductivity ~106 S/cm

Carrier mobility 15,000 cm2/V/s
(electron, hole) at room temperature

Thermal conductivity 3000–5000 Wm/K

Thermal stability ~2800°C under Ar

Solubility 4.7 ± 1.9 µg/mL in NMP
4.1 ± 1.4 µg/mL in DMF

Specific surface area 2630 m2/g

Density 2.2 g/cm3
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The aggregation of single graphene sheets produces a con-
tinuous graphite phase [4]; so, to separate single lamellae and, 
consequently, to take advantage of their potential, intercalation 
is strongly needed. In this regard, a number of intercalating 
species can be used (linear polymers, nanostructures, other 
micronic, or submicronic solid phases such as activated car-
bon, etc.) [5,6] and, hence, different graphene-based hybrids 
can be generated. In particular, graphene can be intercalated 
by multiwall carbon nanotubes (MWCNTs), semiconductive 
ceramic nanoparticles, metal clusters, fullerenes, nanoscrolls, 
etc. The increase of the spacing between adjacent graphene 
sheets should allow the development/achieving of materials 
with surface development comparable to the theoretical gra-
phene value, while the size of the intercalating species deter-
mines the type of resulting porosity (macro-, submicronic-, 
and nanoporosity). The best intercalating nanostructures 
should be those characterized by the highest aspect ratios 
(e.g., CNTs and other nanowires) (Figure 5.2).

The use of carbonous or metallic intercalating species 
may ensure cohesion to the solid system by possible physical 
interactions (Van der Waals forces) acting among the differ-
ent involved species. However, the mechanical stability of 
the obtained graphene-based hybrid materials can be sig-
nificantly improved by adding a little amount of polymeric 
binder. Very complex hybrid systems can be generated by 
combining together different electrically conductive inter-
calating species with the possibility to control the electrical 
conductivity of the whole solid phase and the possibility to 
make further physical characteristics available such as elec-
trocatalytic properties if active catalytic metals (Pt, Pd, etc.) 
are used (Figure 5.3).

5.3  GRAPHENE PREPARATION BY THE “THREE-
STEPS PROCESS” (INTERCALATION, 
EXPANSION, AND EXFOLIATION)

Graphene can be obtained by synthesis (e.g., chemical vapor 
deposition and epitaxial growth, and epitaxial growth on an 
electrically insulating surface such as SiC) or from natural 
sources (e.g., micromechanical exfoliation of graphite, and 
creation of colloidal suspensions) [3]. The production from 
natural sources represents the only really adequate way for a 
bulk production of graphene, although micromechanical exfo-
liation (this technique was developed by Dr. K. Novoselov and 
Professor A. Geim, winner of the Nobel Prize for Physics in 
2010 for their research on graphene at Manchester University) 
can be adequate to produce small graphene samples useful 
just for fundamental physical studies.

The general idea in the approach, based on the creation of 
colloidal suspensions, is the following: graphite is a nonsolu-
ble solid; however, it can be chemically oxidized to graphite 
oxide (GO) to achieve a water-soluble compound (see Figure 
5.4). Such a chemical compound is not thermally stable and it 
decomposes to graphite by mild thermal heating. Thus, in a dis-
persed form, such thermal reduction leads to a system of well-
separated graphene sheets (see the scheme given in Figure 5.5).

A complete reduction of GO can be achieved by succes-
sive chemical treatments using hydrazine, dimethylhydra-
zine, hydroquinone, NaBH4, hydroxides, etc. Graphite can 
be oxidized by using a mixture of very strong chemical oxi-
dants (typically, the Hummers method [7] is used, where the 
oxidizing liquid is a solution of potassium permanganate 
[KMnO4] and potassium nitrate [KNO3] in absolute sulfuric 
acid [H2SO4]). In particular, the reactions were performed 
treating 1 g of graphite flakes (Aldrich Italia) with the oxidiz-
ing mixture: 22 mL of H2SO4, 3 g KMnO4, and 1 g of KNO3. 
All reactants, provided by Aldrich Italia, were used without 
purification. The reaction was performed at room temperature 
for 2–4 h without stirring. At the reaction end, the reactive 
mixture was cast into a large amount of water (2 dm3); the 
most oxidized fraction that resulted dissolved/dispersed in the 
aqueous supernatant while the nonoxidized graphite and reac-
tion by-products (mainly MnSO4) precipitated at the bottom 
giving a brown slurry. The GO, separated by decantation of 
the solid by-products, showed a reddish coloration (see Figure 
5.6). The colloidal suspension was not stable and a phase sep-
aration started after ca. 24 h; however, the GO did not com-
pletely settle down but it formed a sort of reddish cloud at the 
bottom of the container. The GO was easily separated by cen-
trifugation (6000 rpm) and accurately purified from the acid 
mixture by dissolution/dispersion in distilled water followed 
by centrifugation. At least four washing cycles were required 
to remove all traces of acid.

A continuous solid film of GO (named GO paper [8]) can 
be obtained by allowing the colloidal aqueous suspension of 
GO to slowly dry in air at room temperature into a PTFE con-
tainer (the scarce adhesion of GO paper to the PTFE surface 
allows easy material removal). The film of GO resulted in an 
electrical insulator but it was converted into an electrically FIGURE 5.3 Complex graphene-cluster hybrid system.

FIGURE 5.2 Some examples of graphene-based hybrids.
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conductive film by heating (e.g., using the heat coming from a 
flash lamp) or by chemical reduction [9] (Figure 5.7).

The heating treatment converted the GO paper into gra-
phene (thermally reduced graphene, TRG) that has a black 
coloration and is quite electrically conductive (such material 
is characterized by a resistivity of a few megaohms).

The electrical properties of as-prepared graphene are 
strictly dependent on the residual oxygen content since the 
presence of oxygen-containing groups limit the conjugation 

extension. Consequently, the thermally reduced GO results in 
being usually less conductive than the graphene obtained by 
thermal reduction of low-oxidized graphite.

For this reason, a specific oxidation treatment, based on 
three different stages, was used to prepare graphene with 
good electrical conductivity. The developed “three-steps” 
process consists of (i) graphite intercalation by sulfuric acid in 
the presence of an oxidizing species (see Table 5.2), (ii) mate-
rial expansion by thermal shock, and (iii) material exfoliation 
by ultrasound treatment. The mild oxidized graphite (material 
known as “expandable graphite”) is simply obtained by treat-
ing mineral graphite (graphite flakes) by an aqueous solution 
of sulfuric and nitric acid [10]. Such an oxidizing liquid sys-
tem is prepared by mixing absolute sulfuric acid (oleum) and 
concentrated nitric acid (65 wt.%) in the ratio 4:1 by volume, 
even a lower ratio can also be used (e.g., 9:1 by volume). To 
perform this reaction, a very simple reactor equipped with 
magnetic stirring and a cooling bath is required. One gram of 
graphite is treated with 80 mL of the oxidizing mixture. The 
obtained expandable graphite is commercially available and 
different carbon-manufacturing industries provide it (Asbury, 
Faima, Carbon Loraine, etc.) (Figure 5.8).

Then, the expandable graphite is uniaxially expanded by 
thermal shock at ca. 800°C, obtaining a sort of porous fila-
ments [23,24]. The fold-like microstructure of such filaments 
is characterized by a large amount of cavities (see Figure 5.9). 
A number of fast-heating methods can be conveniently used 
(e.g., microwaves, flame, flash, or infrared [IR]-lamp heat-
ing) for this purpose; however, the most effective approach is 
based on the use of a muffle furnace: the expandable graphite 

(a) (b) (c)

FIGURE 5.6 Colloidal GO suspension in distilled water and GO 
paper (a). The sedimentation process started after 24 h (b) and GO 
paper is produced after complete drying (c).

1 cm 1 cm

(a) (b)

FIGURE 5.7 A mild heating treatment transforms the dielectric 
GO paper (a) to an electrically conductive graphene layer (b).
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FIGURE 5.4 GO molecular structure. A number of oxygen-containing groups (–OH, –CHO, epoxy, and –COOH) are present in the 
molecule.

1. Chemical oxidation
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FIGURE 5.5 Schematic representation of the developed prepara-
tive process.
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is placed into a steel crucible covered by a metallic mesh. 
During the expansion stage, the graphite volume changes 
significantly. Expansion is related to the formation of carbon 
dioxide (CO2), water (H2O), and sulfuric anhydride (SO2), 
produced by the reaction of intercalated sulfuric acid (H2SO4) 
with the graphene carbon:

 C H SO CO H O SO2 4 2 2 2+ → + +  (5.3)

Such a chemical reaction produces a number of defects 
(holes) in the graphene sheets (see Tables 5.3 and 5.4). In 

addition, during the thermal reduction processes, the differ-
ent oxygen-containing groups (hydroxyls, carboxylic groups, 
epoxy, aldehyde, etc.) are completely removed from the struc-
ture and released in the form of CO2, CO, and H2O.

Exfoliation of the expanded graphite can be achieved in a 
liquid medium by applying a sonication treatment by using a 
sonication bath or a tip sonicator to obtain an expanded graph-
ite suspension [25]. The vibrations of the graphene sheets 
induced by the elastic wave (ultrasounds) combined with a 
prompt surface stabilization process lead to a complete mate-
rial exfoliation (cohesion is very low in the expanded graphite). 
From a practical point of view, the most important sonication 
parameters are time, temperature, applied ultrasound power, 
graphene dilution degree, and the type of sonication medium 
(polarity). Usually, sonication treatments at high temperatures 
are the most effective and long and intensive sonications of 
dilute expanded graphite suspensions lead to graphene col-
loids. The degree of exfoliation can be established on the basis 
of the stability of generated colloidal suspensions (sedimenta-
tion time): stable suspensions involve a complete exfoliation, 
while unstable colloids indicate only a partial exfoliation 
process. NMP (N-methyl-pyrrolidone) is the best dispersing 
medium for graphene and, therefore, a very effective sonica-
tion medium. The NMP molecules are able to strongly solvate 
the graphene sheets, probably because of their planar molecu-
lar structure and a very good ability to simultaneously develop 
different types of nonbonding interactions with the graphene 
surface (i.e., dipole–dipole interactions, hydrogen bridges 
formation, and Van der Waals bonds). In addition, NMP is a 
widely used industrial solvent for natural and synthesis plas-
tics, waxes, resins, and various types of paints. This organic 
solvent dissolves polymers, such as cellulose derivatives, 
polyamides, polyimides, polyesters, polystyrene, polyacrylo-
nitrile, polyvinyl chloride, polyvinyl pyrrolidone, polyvinyl 
acetate, polyurethanes, polycarbonates, polyethersulfones, 

FIGURE 5.8 TEM micrographs of the expandable graphite grains. As visible, the graphite grains show an eroded morphology.

TABLE 5.2
Main Characteristics of Expandable Graphites

Oxidizing Agent Intercalating Reference

HNO3 H2SO4 [11,12]

HNO3 FeCl3 [13]

HNO3 Na-THF [13]

HNO3 K-THF [13]

HNO3 Co-THF [13]

CrO3 H2SO4 [23]

K2Cr2O7 H2SO4 [17,23]

(NH4)2S2O8 H2SO4 [23]

KMnO4 H2SO4 [18,23]

H2O2 H2SO4 [23]

O3 H2SO4 [23]

HNO3 + KMnO4 H2SO4 + H2O2 [14]

ClF3 (CH3)2CO [15]

HNO3 H2PtCl6 ⋅ 6H2O [16]

H2SO4 + K2Cr2O7 Acetic anhydride [19]

HCOOH Formic acid [20]

K2Cr2O7 + HClO4 CH3COOH + HClO4 [21]

CrO3 HCl [22]
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polysulfones, polyethers, and many copolymers. Therefore, 
a low amount of polymeric binders can be easily introduced 
into the system before solvent removal. After a mild exfolia-
tion treatment by ultrasound (e.g., a few minutes of sonication 
at 150 W), a large amount of single layers of graphene result 

stably dispersed into the sonication medium (e.g., NMP). The 
microstructure visible in the transmission electron microscope 
(TEM) micrographs is generated by the overlap of different 
graphene layers, and the obtained graphene layers are flat and 
free from structural defects (Figure 5.10).

TABLE 5.3
Main Characteristics of the Raw Expanded 
Graphite and of the Constitutive Particles

Material Characteristics

Apparent density (g/cm3) (2.6 ± 0.1) × 10−3

Aspect ratio 15

Density (g/cm3) 0.015 ± 0.005

Porosity (%) 99.3 ± 0.2

Expansion factor 150

Surface area (m2/g) 40

Thickness of the constitutive flakes (nm) 23

TABLE 5.4
Parameters for Pores inside the Worm-Like Particles 
of Exfoliated Graphite Prepared at 600°C, 800°C, 
and 1000°C
Exfoliation Temperature (°C) 600 800 1000

Exfoliation volume (m3/kg) 0.025 0.114 0.152

Pore cross-sectional area (µm2) 193 217 321

Major axis (µm) 24.4 26.0 31.2

Minor axis (µm) 8.8 9.7 11.2

Aspect ratio 0.412 0.424 0.412

Fractal dimension 1.09 1.10 1.09

Number of pores 2583 2161 2059

FIGURE 5.9 SEM micrographs of the expanded graphite. As visible, the resulting filaments have a spongy-like structure particularly rich 
in cavities and bubbles.
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NMP can be removed by vacuum evaporation (at 81–82°C, 
10 mm Hg) by using a rotovapor. The concentrated graphene 
suspensions behave quite differently from the dilute one. In 
fact, very concentrated graphene suspensions (ca. 33 g/L) 
are stable colloidal systems, independently from the type of 
dispersing liquid medium used (octane, chloroform, acetone, 
ethyl alcohol, etc.). Such colloid stability should be related 
to the random structure which is generated into the system 
that is able to prevent the graphene sheets from sedimenta-
tion. When these concentrated graphene colloids are dried at 
room temperature, a spongy-like structure (graphene aerogel) 
is produced. The apparent density of this “porous graphite” is 
ca. 1/4 of the density of the starting graphite flakes (i.e., ca. 
0.5 g/cm3) (Figure 5.11).

The generated spongy-like structure is electrically conduc-
tive and characterized by low resistivity (ca. 3.0 Ω ⋅ cm). Owing 
to the random distribution of graphene sheets, isotropic electri-
cal properties characterize this special material (Figure 5.12).

FIGURE 5.10 TEM micrographs of the produced graphene sheets.

FIGURE 5.11 Graphene aerogel fragments and the possible struc-
ture model.
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In addition to pure graphene, these high-porous structures 
can also be produced using graphene intercalated by ceramic 
(e.g., ITO, ATO, ZnO, etc.) or polymer nanoparticles (PEDOT, 
etc.), CNTs (MWCNT), and other electrically conductive (or 
dielectric) nanostructures (see Figure 5.13).

Owing to the very good electrical properties of silver, gold, 
and other noble metals, atomic metal clusters and metallic 
nanoparticles represent one of the most convenient interca-
lating phase for graphene aerogels to be used for electrical 
applications. Atomic metal clusters can be easily deposited 
on the surface of graphene by simply precipitating them in 
the presence of graphene (heterogeneous nucleation). In 
particular, a thermolytic metal precursor is dissolved in the 
colloidal graphene suspension and it is decomposed by mild 
heating of the system. Noble-metal acetylacetonates can be 
very good precursors for the generation of the corresponding 
zero-valent metals by a thermolysis reaction. Silver acetylace-
tonate is a water-soluble organic salt that slowly decomposes 

in boiling water and other polar solvents to generate aqueous 
colloidal silver. Graphene can be dispersed in NMP solutions 
of Ag(acac) and then, the salt decomposed at an adequate 
temperature leading to a silver-coated graphene suspension. 
However, the perfluorurate acetylacetonates are nonpolar 
chemical compounds, highly soluble in organic media and 
are therefore much more adequate for the metallization of 
the graphene sheets. A very good thermolytic silver precur-
sor for graphene metallization has been the (1,5-cyclooctadi-
ene) (hexafluoroacetylacetonate) silver (I) ([Ag(hfac)(COD)], 
C13H13AgF6O2). This organometallic compound was provided 
by Aldrich Italia and used after purification by recrystalliza-
tion from chloroform.

F F F
F

F +

CF3

CF3

C

C

O

O

HC AgF
O O

Ag

Silver organic salt Legand
Ag(hfac)CODAg(hfac)COD

According to the thermograms given in Figure 5.14, such a 
compound has a low thermal stability, and completely decom-
poses at a temperature of ca. 135°C (the chemical compound 
melts at 100°C and partially decomposes losing the cycloocta-
diene ligand [COD]; then, a complete thermal decomposition 
follows at 135°C), according to the following reaction scheme:

 Ag hfac COD Ag hfac AgC C( ) ( )110 140° ° →  →  (5.4)

In particular, the residual weight (48% by weight) in the 
thermogravimetric analysis (TGA) curve exactly corresponds 
to the silver percentage in the compound and the curve is 
characterized by two jumps, corresponding to the two ther-
molysis stages. The endothermic signal in the differential 
scanning calorimeter (DSC) curve at ca. 100°C corresponds 
to the [Ag(hfac)(COD)] melting, while the broad exothermic 

FIGURE 5.13 Aerogel sample made of graphene intercalated by 
monodispersed PTFE particles (Aldrich Italia) with a diameter of 
1 µm.
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FIGURE 5.14 DSC and TGA thermograms of pure [Ag(hfac)(COD)].

FIGURE 5.12 Electric conduction of the obtained graphene aero-
gel pieces.
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signal starting at 135°C corresponds to the compound ther-
molysis. The metallic phase is generated in the form of very 
small nanoparticles with an average size of ca. 7 nm (see 
the TEM picture in Figure 5.15) that are spherical and quite 
monodispersed.

According to the x-ray large-angle powder diffractogram 
given in Figure 5.16, only the (111) signal of the ccp-silver 
diffraction pattern is visible, and therefore, very small sil-
ver nanoparticles are generated by thermal decomposition of 
[Ag(hfac)(COD)].

5.4  GRAPHITE NANOPLATELET CHEMICAL 
CROSS-LINKING BY ELEMENTAL SULFUR

The sp2 carbon nanoforms (e.g., fullerenes, CNTs, graphite 
nanoplatelets, and graphene) can be chemically cross-linked 

and polymerized by the reaction with elemental sulfur. The 
resulting synthetic solid phases can be considered as a sort 
of three-dimensional polymers of sulfur and structurally 
complex carbon-based monomers. This carbon–sulfur chemi-
cal reaction may be of some importance in the preparation 
of novel bulky nanostructured materials [26]. For example, 
a highly spongy graphite-based material (graphite aerogels) 
can be prepared by drying concentrated gold nanoparticle 
(GNP) colloids, achieved by exfoliation of expanded graph-
ite in nonpolar liquids with ultrasound [27]. This novel mate-
rial is quite fragile and has a measured apparent density of 
0.5 g/cm3. A mechanical stabilization treatment is required to 
exploit this system in technological applications. The carbon–
sulfur chemical reaction can be advantageously used for the 
mechanical stabilization of the very fragile spongy graphite 
material. The introduction of sulfur in this spongy graphite 
structure is quite simple since the sulfur molecules (S8) are 
soluble in nonpolar organic media (hydrocarbons, etc.), and 
it can be dissolved in the GNP colloid before the drying pro-
cess. Then, the dry GNP-based material is heated at ca. 180°C 
to produce sulfur biradicals (∙S8∙) that bridge the graphene 
layers of closed nanoplatelets [28]. In particular, the ring of 
the sulfur molecule (S8) breaks at a temperature of ca. 169°C, 
producing linear sulfur biradical fragments, and such an 
endothermic process is named as λ-transition [29]. The per-
manence of the system at temperatures above the λ-transition 
favors the breaking of polysulfur molecular chains (C─(S)n─C), 
and  generation of sulfur radicals that, in turn, react again 
with the edges of the graphene sheets to achieve a high den-
sity of monosulfur chemical cross-links (C─S─C) between 
them. The monosulfur bridges permit electron delocalization 
among the graphene sheets, and therefore, they represent a 
sort of electrical connections in the material.

When the spongy graphite is devoted to technological 
applications in the electrical/electronic field (e.g., superca-
pacitor electrodes, battery cathodes, electrodes for electrolytic 
cells, etc.) [30], the presence of monosulfur bridges among the 
GNP unities is a very convenient characteristic. In addition, 
the material stiffness is related to the length of sulfur bridges, 
and monosulfur connections lead to a much more rigid and 
tough material.

Expandable graphite flakes (Asbury, NJ, USA) under-
went a thermal shock at 750°C for 3 min in a muffle fur-
nace to produce expanded graphite (worm-like graphite). 
As-received elemental sulfur (99.9%, Sigma-Aldrich, St. 
Louis, MO, USA) was dissolved in octane (purum, Carlo Erba 
Reagents, Val de Reuil, France), and the expanded graphite 
filaments were added step by step to this sulfur solution dur-
ing an ultrasound processing of the liquid system, performed 
with a horn sonicator (20 kHz, 200 W, model UW2200, 
Bandelin Sonoplus, Berlin, Germany) at room temperature. 
The resulted expanded graphite filaments were completely 
converted into GNPs after ultrasound application. The final 
product was a sort of paste, which was dried in air at room 
temperature to produce a highly porous graphite/sulfur mix-
ture and, successively, annealed in an oven at 300°C to cross-
link the material. Dynamic calorimetric tests were carried out 
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FIGURE 5.16 XRD of silver nanoparticles generated by the 
[Ag(hfac)(COD)] thermal decomposition.
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FIGURE 5.15 TEM micrograph of Ag nanoparticles generated by 
[Ag(hfac)(COD)] thermolysis.
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by a DSC (Q2920, TA Instruments, New Castle, DE, USA). 
Measurements were performed under fluxing nitrogen at a 
rate of 10°C/min ranging from 20°C to 300°C. TGA was car-
ried out using a thermobalance (Q5000, TA Instruments). In 
particular, the samples were heated from 30°C to 800°C at a 
rate of 10°C/min in fluxing air.

The morphology of single GNP unities and their aerogels 
was investigated by scanning electron microscopy (SEM). 
The SEM micrographs of GNP are reported in Figure 5.17a. 
The petal-shaped unities, shown in Figure 5.17a, have two 
main dimensions of ca. 80 µm and a thickness of only a few 
tens of a nanometer. As visible in Figure 5.17b, these petal-
like structures are randomly distributed in the aerogel bulk 
and appear as a highly porous solid.

Figure 5.18 shows the X-ray diffraction (XRD) diffrac-
togram of a graphite nanoplatelet sample. According to the 
Scherrer equation, the average GNP thickness is 15 nm.

Graphite nanocrystals are much more chemically reac-
tive than ordinary graphite flakes; consequently, a number of 
graphite derivatives can be easily prepared using such nano-
scopic graphite crystals as a reactant (e.g., graphite nanoplate-
lets can be quantitatively and quickly converted into GO by 
the Hummers method [31]). The free radical addition to the 
carbon–carbon double bond is a typical reaction involving 
benzene (C6H6) and other polycyclic aromatic compounds. 
So, graphene, fullerenes, CNTs, and other nanostructures 
based on sp2 carbon could also give the same type of reaction. 

Therefore, the chemical cross-linking of graphite nanoplate-
lets could be based just on this type of reaction, but a biradical 
molecule should be used to graft two GNP unities simulta-
neously. Elemental sulfur is made of S8 rings, which is con-
verted into linear polymeric biradical molecules (∙S─S6─S∙) 
at a temperature of 160°C; such a reaction is known as 
λ-transition. The λ-transition of elemental sulfur is an endo-
thermic process that is clearly visible in a DSC thermogram 
[32]. In particular, the DSC thermogram of elemental sulfur 
contains three endothermic signals: (1) the α → β transition 
of the sulfur crystals at 98°C, (2) the melting of the β-crystals 
at 116°C, and (3) the λ-transition at 160°C (see Figure 5.19 
thermogram a in Figure 5.19 and Table 5.5).

The isothermal annealing of the reactive sulfur/GNP 
system at temperatures higher than 160°C allows a more or 
less complete conversion of polysulfur bridges (C─S8─C) to 
monosulfur bridges (C─S─C) that are a sort of electrical con-
nections between the graphene planes because conjugation is 
possible through the sulfur atom. When the GNP-based aero-
gels are devoted to electrical applications (e.g., electrodes for 
batteries and supercapacitors, electrolysis cells, etc.), such type 
of chemical cross-linking effects are extremely convenient.

The λ-transition is characterized by a clearly visible endo-
thermic signal (the enthalpy change is 1.10 J/g), and it can also 
be detected by DSC analysis of S/GNP mixtures (see Figure 
5.19 [thermograms a and b]). Consequently, important infor-
mation on the chemical interaction between sulfur and GNP 
can be obtained by DSC analysis.
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FIGURE 5.18 XRD diffractogram of the graphite nanoplatelet 
sample.
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FIGURE 5.19 DSC thermograms of the S/GNP system. First (ther-
mogram a) and second (thermogram b) heating run.

TABLE 5.5
Thermodynamic Properties of the S/GNP 
System Obtained by DSC
tα→β ΔHα→β tβ ΔHβ tλ ΔHλ

(°C) (J/g) (°C) (J/g) (°C) (J/g)

98 1.08 116 12.5 160 1.10

(a) (b)

100.0 µm 500.0 µm

FIGURE 5.17 SEM micrographs showing the morphology of the 
graphite nanoplatelets (a) and the GNP aerogel (b).
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The change of the S─S bond concentration (i.e., the [S─S]/
[S─S]0 value) can be calculated by analyzing the change 
in the enthalpy variation of the λ-transition signal. In par-
ticular, the thermal treatment of the S/GNP systems signifi-
cantly modifies the DSC thermogram: the melting peak of 
the β-sulfur at 116°C disappears, and the λ-transition peak 
results strongly decrease because the [S─S] is proportional 
to ΔH of the λ-transition. Such decrease of the λ-transition 
peak depends on the duration and temperature of the thermal 
annealing treatment. The fraction of reacted S─S bonds (α) is 
given by the following expression:
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The temporal evolution of α at two different temperatures 
(300°C and 350°C) is shown in Figure 5.20. As visible, the 
experimental data are well described by an exponential recov-
ery function (i.e., α = a − b × e−kt).

Such experimental behavior of the reaction conversion 
suggests the following three-step reaction mechanism:
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The first reaction step involves the cleavage of the S─S 
bond with the formation of two sulfur radicals. This elemen-
tal reaction is reversible and has a slow specific rate. In the 
second elemental reaction, one of the two sulfur radicals is 
added to the carbon–carbon double bond with the forma-
tion of the S─C bond and one carbon radical. Such a reac-
tion should have a fast rate because an unstable reactant (the 
sulfur radical) is involved. In the last elemental reaction, 
the carbon radical combines with the second sulfur radical 

with the formation of a new S─C bond. This step, involv-
ing two radicals should be very fast, too. The full reaction 
rate depends only on the slowest step that is characterized 
by a first-order kinetic; consequently, the rate of expression 
is −d[S─S]/dt = k[S─S], which after integration provides an 
exponential recovery law (α = 1 − e−kt). Finally, according to 
the DSC analysis, the S/GNP chemical interaction is of the 
first kinetic order, and the involved mechanism is a direct 
reaction between the sulfur radicals generated at λ-transition 
and the sp2 carbon atoms located at the edges of the graphite 
nanocrystals.

To establish the temperature dependence of the reaction 
conversion, the rate constant of the reaction has been evalu-
ated at different temperatures, giving, for example, the fol-
lowing values:
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and these values have been used to evaluate the constants in 
the Arrhenius law:
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In particular, the activation energy of the reaction (46.9 kJ/
mol) is comparable with the order of magnitude as a chemical 
bond (the S─S bond energy is ca. 213 kJ/mol). The behavior 
of the reaction conversion (α) under conditions different from 
that experimentally evaluated can be obtained by simulation 
(the temperature values can be both interpolated and extrapo-
lated). In Figure 5.21, the following expression has been used: 
α = αmax × [1 − exp(−kt)] with αmax = −0.454 + 3.86 × 10−3 × T 
(°C), assuming a linear behavior for the αmax. Clearly, a conver-
sion degree close to 100%, which corresponds to a complete 
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FIGURE 5.21 Theoretical behavior of the time dependence of α at 
different temperatures.
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formation of monosulfur bridges (C─S─C), is possible only 
at a temperature higher than 350°C for a time period longer 
than 300 min.

The S/GNP chemical interaction was also investigated by 
TGA. In this case, during the heating run (at 10°C/min) of an 
S/GNP sample (50% by weight of sulfur), some of the elemen-
tal sulfur reacts with carbon and bonds at GNP edges. In fact, 
such a sulfur fraction also cannot evaporate at temperatures 
higher than the pure sulfur boiling point (444°C) and a resid-
ual sulfur content (ca. 30% by weight) results in the material, 
as visible in the TGA thermogram shown in Figure 5.22.

It has been found that mechanically resistant GNP aerogels 
resulted after a cross-linking treatment with elemental sulfur 
at 350°C for 3 h (see Figure 5.23). A large number of electri-
cally conductive monosulfur bridges should be generated in 
these conditions, and a good electrical conductor results (with 
a resistivity of 3 Ω/cm).

Finally, the graphite nanoplatelets are very useful nano-
structured materials that can be easily prepared by the oxida-
tion–expansion–exfoliation process. GNP-based aerogels can 
be simply obtained by drying the concentrated GNP colloi-
dal suspensions, and the introduction of elemental sulfur in 
the GNP aerogel followed by an adequate thermal annealing 
treatment allow a very good mechanical stabilization of the 
material by formation of monosulfur and polysulfur bridges 
between adjacent GNP unities.

5.5 CONCLUSIONS

When concentrated graphene colloidal suspensions are dried 
at room temperature, an electrically conductive spongy-
like graphene-based structure is produced. The mechanical 
properties of this porous material can be improved by using 
a small amount of polymeric binder (e.g., polyvinylpyrrol-
idone). If other nanostructures are introduced into the colloid 
suspension before drying, these solid phases will intercalate 
the graphene sheets in the dried product, leading to a hybrid 
solid system. Thus, graphene-based hybrids are ternary sys-
tems containing (i) graphene, (ii) a polymeric binder, and 
(iii) a conductive or dielectric intercalating nanostructure 
and, to deposit such systems in the form of ink, an adequate 
solvent may be included in the formulation.
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6 Synthesis Strategies for Graphene

Rajesh Kumar, Rajesh Kumar Singh, and Dinesh Pratap Singh

ABSTRACT

Since the groundbreaking discovery of a new member of the 
family of carbon nanostructures, namely, “graphene,” discov-
ered by A.K. Geim and K.S. Novoselov in 2004, its widespread 
applications in various areas further accelerated the research 
activity in the area of synthesis and characterization of gra-
phene by simple, viable, and low-cost techniques. Graphene, 
one-atom-thick two- dimensional planar sheets of sp2-bonded 
carbon atoms densely packed in a honeycomb crystal lattice, 
has grabbed appreciable attention due to its extraordinary 
chemical and physical properties. These properties reveal high 
planar surface area, superior mechanical strength with unpar-
alleled thermal conductivity, remarkable electronic proper-
ties, and alluring optical characteristics. Moreover, because 
of these unique properties, graphene has attracted increasing 
interest, and, arguably, holds the greatest promise for imple-
mentation into a wide range of application fields that include 
electronic, field emission, energy, biophysics, sensing, and 
engineering outlets. Ever since, the growing profound interest 
in the applications of graphene in almost all recent research 
areas demands the synthesis of graphene of a desired size and 
purity, which is defect free, and produced which possesses 

crystallinity and  high yield. Since the discovery of graphene 
by mechanical cleavage, various other methods have been 
developed so far to fulfill the above requirements. The most 
common graphene synthesis approaches to produce suitable 
graphene layers mainly include mechanical exfoliation from 
graphite, reduction of graphene oxide, chemical vapor deposi-
tion, surface segregation, liquid-phase exfoliation, and molec-
ular beam epitaxy. All the methods have their benefits and 
limitations. The fine control of the defect-free structure and 
number of graphene layers over an entire substrate remains 
a major and crucial challenge. Hence, the search to optimize 
the manufacturing process with a view to the realization of 
distinct properties of graphene layers is ongoing. This chap-
ter describes the recent advances in the well-known synthesis 
routes using hydrocarbons, substrates, and optimizing tem-
peratures. The synthesis of graphene by mechanical cleavage 
and chemical exfoliation by introducing small molecules has 
been described. The synthesis of graphene by the chemical 
reduction of obtained graphite oxide by Hummers’ method 
using various reducing agents has been widely studied and 
extensively utilized. The chemical vapor deposition method 
utilizing various metals and transition metals as substrate 
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and their effect on the synthesis, yield, and purity have been 
described in detail. Besides, other effective and well-known 
methods such as flame synthesis, electrochemical approach, 
microwave/solvothermal methods, flame synthesis, etc. are 
also a part of the discussion.

6.1  INTRODUCTION: BRIEF HISTORY 
OF GRAPHENE

Graphene is a new addition to the family of carbon nanostruc-
tures, and was recently discovered by Geim and Novoselov 
(2004) at Manchester University. This discovery accelerated 
research activity in the area of its synthesis and  characterization, 
properties, and applications. Graphene is a two- dimensional 
(2D) one-atom-thick planar sheet of sp2-bonded carbon atoms 
densely packed in a honeycomb crystal lattice. It is known 
as the mother element of some carbon allotropes, including 
graphite, carbon nanotubes (CNTs), carbon nanofiber, and 
fullerenes as shown in Figure 6.1 [1,2]. However, until 2004, 
single-layer graphene (SLG) was believed to be thermody-
namically unstable under ambient conditions [3]. It is an exotic 
material of the twenty-first century and received   worldwide 
attention due to its  exceptional charge  transport,  thermal, 
optical, and mechanical properties [4–7].

6.2 SYNTHESIS OF GRAPHENE

6.2.1 meChaniCal CleavaGe method

The mechanical cleavage of graphite to synthesize graphene 
used by Geim et al. [8] led to numerous exciting discoveries 
of the electronic and mechanical properties of graphene. But 

this approach is limited by its low production. The mechanical 
cleavage method is a simple peeling process of a commercially 
available highly oriented pyrolytic graphite (HOPG) sheet [2,9].

6.2.2 ChemiCal exFoliation method

Chemical oxidation of graphite and subsequent thermal exfo-
liation provide large amounts of graphite oxide (GO). The 
invasive chemical treatment inevitably generates structural 
defects as observed in Raman spectroscopic characteriza-
tion [10,11]. The physical exfoliation approaches are desirable 
where it is required to maintain the graphene structure.

Hernandez et  al. and Blake et  al. exfoliated graphite in 
an N-methyl-pyrrolidone (NMP) medium to produce high-
quality defect-free SLG [12,13]. Such an approach utilizes the 
similar surface energy of NMP and graphene that facilitates 
exfoliation. Other groups such as Lotya and coworkers [14] 
used a surfactant sodium dodecylbenzene sulfonate (SDBS) 
to exfoliate graphite in water to produce graphene. Graphene 
single layers were stabilized against segregation by a rela-
tively large potential barrier caused by the Coulomb repul-
sion between surfactant-coated sheets [14]. Hersam and Green 
used sodium cholate as a surfactant to exfoliate graphite and 
isolate the resultant graphene sheets (GSs) with  controlled 
thickness using density gradient ultracentrifugation as shown 
in Figure 6.2. The exfoliation of graphite yielded dispersed 

(a)

Horn
ultrasonication

(b)

(c)

FIGURE 6.2 (a) Schematic illustration of the graphene exfo-
liation process. Graphite flakes are combined with sodium cholate 
(SC) in aqueous solution. Horn ultrasonication exfoliates few-layer 
 graphene flakes that are encapsulated by SC micelles. (b) Photograph 
of 90 µg mL−1 graphene dispersion in SC 6 weeks after it was pre-
pared. (c) Schematic illustrating an ordered SC monolayer on gra-
phene. (Reprinted with permission from Green, A.A. and M.C. 
Hersam, Solution phase production of graphene with controlled 
thickness via density differentiation. Nano Letters, 9(12): p. 4031–
4036. Copyright 2009 American Chemical Society.)

FIGURE 6.1 Basis of all graphitic forms. Graphene is a 2D build-
ing material for carbon materials of all other dimensionalities. It can 
be wrapped up into 0D buckyballs, rolled into 1D nanotubes, or 
stacked into 3D graphite. (Reprinted by permission from Macmillan 
Publishers Ltd. Nature Materials, Geim, A.K. and K.S. Novoselov, 
The rise of graphene. 6(3): p. 183–191, copyright 2007.)
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single-layer graphene and graphite with a few-layer graphene 
(FLG), which have different buoyant densities. The den-
sity gradient ultracentrifugation separations of such a mix-
ture  produce GSs with mean thicknesses that increase as a 
 function of their buoyant density [15].

6.2.2.1  Intercalation of Small Molecules 
by Mechanical Exfoliation

For better oxidation of graphite, small molecules have been 
intercalated between the layers of graphite or by noncova-
lently attaching molecules or polymers onto the sheets, gener-
ating graphite intercalation. In graphite intercalation, graphite 
layers remain unaltered in structure with foreign molecules 
located in the interlayer spaces. When the graphitic layers 
interact with the foreign molecules by charge transformation, 
the in-plane electrical conductivity generally increases, but 
when the molecules form covalent bonds with the graphite 
layers as in fluorides or oxides, the conductivity decreases as 
the conjugated sp2 system is disrupted.

Intercalated graphite, commonly known as expandable 
graphite (EG), was prepared by Schafhautl in 1841 in a sul-
furic acid solution. The graphite flake was subjected to shear 
intensive mechanical stirring with an ultrasonic solvent in an 
ultrasonic cleaning bath at room temperature to prepare EG. 
Expanded graphite could be prepared either by oxidation with 
a chemical reagent or electrochemically in the intercalating 
acid [16,17]. Acetic acid, acetic acid anhydride, concentrated 
sulfuric acid, and hydrogen peroxide are a few examples 
of ultrasonic solvents used. Among all those, concentrated 
 sulfuric acid proved to be the best ultrasonic solvent to pro-
vide the optimum condition for preparing EG with ultrasound 
irradiation. The sulfuric acid-intercalated graphite consisted 
of layers of hexagonal carbon structure within which H2SO4 
was intercalated. Graphite could expand up to a hundred times 
at high temperatures [18] due to the thermal expansion of the 
evolved gases trapped between the GSs. So, it was reasonably 
assumed that oxidants and other molecules could enter the 
interlayer space of expended graphite more easily compared 
to natural graphite.

Li et  al. [19] reported the exfoliation–reintercalation– 
expansion of graphite using H2SO4 and HNO3 to produce 
high-quality SLG sheets stably suspended in organic solvents. 
Figure 6.3 shows an SLG sheet in which they used a process 
of reintercalation with oleum, a chemical known to strongly 
debundle CNTs through intercalation. The reintercalation 
and the rapid, brief heating of EG enabled the preparation of 
highly conducting GSs without functionalizing the graphite. 
They reported for the first time high-quality GS assembled by 
the Langmuir–Blodgett technique in a layer-by-layer manner 
on large substrates.

6.2.3  SyntheSiS oF Graphene by ChemiCal 
reduCtion oF Graphite oxide

Bourlinos et al. [20] described the chemical reduction of GO 
to graphite by NaBH4 or hydroquinone and also its surface 

modification with neutral, primary aliphatic amines and amino 
acids. Treatment of GO with NaBH4 led to turbostatic graph-
ite with d002 = 3.5 Å that upon calcination under an inert 
atmosphere transformed into highly ordered graphitic carbon 
d002 = 3.39 Å. The reduction with hydroquinone yielded directly 
crystalline graphite d002 = 3.39 Å under soft thermal condi-
tions. On account of the surface-exposed epoxy groups present 
in the GO solid, its surface modification with neutral, primary 
aliphatic amines or amine-containing molecules (amino acids 
and aminosiloxanes) took place easily through the correspond-
ing nucleophilic substitution reactions. The GO derivatives can 
be formed as molecular pillared GO, organically modified GO 
affording in organic solvents stable organosols or hydrophilic 
GO affording in water stable hydrosols and possessing direct 
cation exchange sites. For example, surface modification of GO 
with octadecylamine led to an organophilic GO solid that could 
be readily dispersed in polar organic solvents to give organic-
based  colloidal dispersions of hydrophobic platelets. Similarly, 
attachment of glycinate molecules to GO surfaces endowed the 
solid not only with direct cation exchange sites but also with 
negative charges through the –COO− groups of the modifier and 
thus secured aqueous colloidal dispersions of platelets.

Stable aqueous dispersions of polymer-coated graphitic 
nanoplatelets were prepared by Stankovich et  al. [21] via 
an exfoliation/in situ reduction of GO in the presence of 
poly(sodium 4-styrenesulfonate) (Figure 6.4). First, GO was 
produced by the oxidative treatment of graphite. The basal 
planes of the GSs in GO were decorated mostly with epox-
ide and hydroxyl groups, in addition to carbonyl and carboxyl 
groups, which were located at the edges. These oxygen func-
tionalities altered the van der Waals interactions between the 
layers of GO and rendered them hydrophilic, thus facilitat-
ing their hydration and exfoliation in aqueous media. As a 
result, GO readily formed stable colloidal dispersions of thin 
GO sheets in water. From these stable dispersions, thin “gra-
phitic” nanoplatelets were obtained by chemical deoxygen-
ation, for example, removal of the oxygen functionalities with 
partial restoration of the aromatic graphene network.

Schniepp et al. [22] described a process to produce single 
sheets of functionalized graphene in bulk quantities through 
thermal exfoliation of GO. The process yielded a wrinkled 
sheet structure resulting from reaction sites involved in the 
oxidation and reduction processes (Figure 6.5). The func-
tionalized graphene produced by this method is electrically 
conducting. The mechanism of exfoliation was mainly the 
expansion of CO2 evolved into the interstices between the GSs 
during rapid heating. While the decomposition of functional 
groups of GO yielding CO2 was exothermic, the vaporization 
of water was endothermic and delayed the heating process. 
The success of the process demanded complete elimination of 
the intergraphene spaces associated with the native graphite 
during the oxidation stage and also the minimization of the 
detrimental role of water vaporization.

Stankovich et  al. [10] first prepared GO from purified 
natural graphite by the Hummers’ method (HU) and then 
reduced the colloidal suspension of exfoliated graphene 
oxide sheets in water with hydrazine hydrate. This resulted 
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in their aggregation in a material with graphitic characteris-
tics that were comparable to those of pristine graphite. On 
the nanoscale, this carbon-based material consisted of thin 
graphene-based sheets and possessed a high specific surface 
area. The characterization of the reduced GO indicated that 
hydrazine treatment resulted in the formation of unsaturated 
and conjugated carbon atoms, which in turn imparted electri-
cal conductivity.

Xu et al. [23] prepared stable aqueous dispersions of GSs 
using a water-soluble pyrene derivative, 1-pyrenebutyrate (PB–), 
as a stabilizer since the pyrene moiety has strong affinity with 

the basal plane of graphite via π-stacking. In  the experi-
ment, GO was synthesized from natural graphite powder by 
a modified HU method. To prepare a PB-functionalized gra-
phene dispersion, NaOH and pyrenebutyric acid were added 
to dispersed GO, and then the mixture was reduced with 
hydrazine monohydrate at 80°C for 24 h. After reduction, a 
homogeneous black dispersion with a small amount of black 
precipitate was obtained. Large-area flexible PB–G films with 
layered structures were successfully prepared by filtration. 
The conductivity of the film was seven orders of magnitude 
larger than that of the GO precursor.
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FIGURE 6.3 Chemically derived single-layer graphene sheets from the solution phase. (a) Schematic of the exfoliated graphite reinter-
calated with sulfuric acid molecules (small spheres) between the layers. (b) Schematic of TBA (big spheres) insertion into the intercalated 
graphite. (c) Schematic of GS coated with DSPE-mPEG molecules and a photograph of a DSPE-mPEG/DMF solution of GS. (d) An 
AFM image of a typical GS several hundred nanometers in size and with a topographic height of 1 nm. The scale bar is 300 nm. (e) Low-
magnification TEM images of a typical GS several hundred nanometers in size. The scale bar is 100 nm. (f) Electron diffraction (ED) 
pattern of an as-made GS as in (e), showing excellent crystallization of the GS. (Reprinted by permission from Macmillan Publishers Ltd. 
Nature Nanotechnology, Li, X. et al., Highly conducting graphene sheets and Langmuir-Blodgett films. 3(9): p. 538–542, copyright 2008.)
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Surfactant-wrapped chemically converted GSs were 
obtained by Lomeda et  al. [24] from the reduction of gra-
phene oxide with hydrazine and were functionalized by treat-
ment with aryl diazonium salts. The resulting functionalized 
nanosheets disperse readily in polar aprotic solvents, allow-
ing alternative avenues for simple incorporation into different 
polymer matrices.

The solution-based method allows uniform and control-
lable deposition of reduced graphene oxide thin films with 
thicknesses ranging from a single monolayer to several lay-
ers over large areas as reported by Eda et al. [11] employing 
raman spectroscopy (Figure 6.6). The concentration of the 
graphene oxide was determined by drying graphene oxide 
over phosphorus pentoxide in a vacuum desiccator for a week. 
The graphene oxide slurry was diluted in water and sonicated 
to achieve exfoliated sheets of graphene oxide. The effective 
filtration volume mentioned in the manuscript indicates vol-
umes of 0.33 mg L−1 suspension required to achieve the mass 
deposited by suspension of other concentrations. The opto-
electronic properties can thus be tuned over several orders of 
magnitude, making them potentially useful for flexible and 
transparent semiconductors or semimetals. The thinnest films 
exhibit graphene-like ambipolar transistor characteristics, 

whereas thicker films behave as graphite-like semimetals. 
Collectively, our deposition method could represent a route 
for translating the interesting fundamental properties of gra-
phene into technologically viable devices.

Becerril et al. [25] synthesized water-processable single-
layer graphene oxide by a modified HU method. The flake 
graphite was vigorously stirred for 5 days in a solution of 
NaNO3 and KMnO4 in concentrated H2SO4, washed with 5 
wt% H2SO4 in water and reacted with a 30 wt% aqueous solu-
tion of H2O2 to complete the oxidation. Inorganic anions and 
other impurities were removed through 15 washing cycles 
that included centrifugation, discarding supernatant liquid, 
and resuspending the solid in an aqueous mixture of 3 wt% 
H2SO4 and 0.5 wt% H2O2 using stirring and ultrasonication. 
Another set of centrifugation and washing procedures was 
effected three times using 3 wt% HCl in water as the disper-
sion medium and then one more time using purified water 
to resuspend the solids. The suspension was passed through 
a weak basic ion-exchange resin to remove the remaining 
acid. The material was dried to obtain a loose brown pow-
der that can be stored indefinitely. They used hydrazine 
monohydrate for chemical reduction procedures since it has 
been reported to achieve the highest degree of reduction of 
graphene oxide in solution. Figure 6.7a through c displays 
characteristic atomic force microscopy (AFM) images of as-
deposited graphene oxide films of different thicknesses. The 
film morphology changes significantly with this dimension. 
Panel (a) shows a typical film spin coated from a low-concen-
tration graphene oxide solution (<2 mg mL−1). Such films are 
~3 nm thick and continuous and it is possible to distinguish 
the edges of individual sheets. The inset in (a) depicts a sub 
monolayer GO film on a quartz substrate showing separated 
GO sheets. From the analysis of multiple similar images, 
we find that the average lateral dimension of individual GO 
sheets is ~364 nm with a relative standard deviation (rsd) of 
33% while the average sheet height, including kinked and 
wrinkled areas, is 1.4 nm with a 12% rsd, comparable to the 
1.1 nm with 18% rsd observed by other groups for graphene 
oxide on mica. Such sheet thickness value has been sug-
gested to indicate the presence of oxidized functional groups 
on both sides of single graphene oxide sheets, and the slight 
discrepancy in height is likely related to different substrates. 
Figure 6.7b is representative of the topology of films spin-
coated from graphene oxide solutions with concentrations in 
the 4–8 mg mL−1 range.

Navarro et al. [26] described the properties of individual 
chemically reduced graphene oxide sheets for electronic 
transport. The individual graphene oxide sheets subjected to 
chemical reduction were electrically characterized as a func-
tion of temperature and external electric fields. GO was pre-
pared via the HU method, starting from graphite flakes. The 
resulting oxidized material was dispersed in water with the 
aid of soft ultrasonication and then deposited onto different 
substrates, including mica, Si/SiO2, and HOPG. While depo-
sition onto mica and HOPG did not require any functionaliza-
tion, the surface of the Si/SiO2 substrates was modified by 
3-aminopropyltriethoxysilane (APTES) prior to deposition.
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FIGURE 6.4 (a) Non–contact-mode AFM image of exfoliated 
graphite oxide nanoplatelets. (b) Non–contact-mode AFM image of 
polymer-coated reduced graphite oxide nanoplatelets. (Stankovich, 
S. et  al., Stable aqueous dispersions of graphitic nanoplatelets 
via the reduction of exfoliated graphite oxide in the presence of 
poly(sodium 4-styrenesulfonate). Journal of Materials Chemistry, 
2006. 16(2): p. 155–158. Reproduced by permission of The Royal 
Society of Chemistry.)
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Figure 6.8a displays an AFM image of a graphene oxide 
sheet whose upper right edge is double-folded onto itself, as 
can be concluded from the cross-sectional profiles depicted in 
Figure 6.8b. The larger number of AFM images revealed gra-
phene oxide sheets with lateral dimensions of 100–5000 nm 
and heights in the range of 1.1–15 nm. AFM images of the 
graphene oxide monolayers on atomically flat surfaces such 
as mica or HOPG, as shown in Figure 6.8c, disclose a pro-
nounced roughness which considerably exceeds that of the 
substrate. In order to gain further structural information, the 
graphene oxide sheets were examined by scanning tunnel-
ing microscopy (STM). As exemplified by the STM image 
of a graphene oxide monolayer shown in Figure 6.8d, the 
hexagonal lattice of the sheets turns out to be partially pre-
served. The STM images of the graphene oxide sheets are 
distinguishable from pristine graphene by the appearance of 
bright spots/regions lacking ordered lattice features. They 
most likely arise from the presence of oxygenated functional 
groups, which are predicted by theory to arrange into islands 
and rows. The functionalization degree was estimated from a 

range of STM images to be approximately 50%, in fair agree-
ment with the oxygen content of ~70% determined by spectro-
scopic analysis of graphene oxide.

Si et  al. [27] reported a facile and scalable preparation 
of aqueous solutions of isolated, sparingly sulfonated gra-
phene. In their product, the majority of oxygen-containing 
functional groups were removed. The water-soluble gra-
phene existed in the form of single carbon sheets exhibit-
ing an electrical conductivity comparable to graphite. They 
prepared graphene from graphene oxide in three steps: 
(1) prereduction of graphene oxide with sodium borohydride 
at 80°C for 1 h to remove the majority of the oxygen func-
tionality; (2) sulfonation with the aryl diazonium salt of sul-
fanilic acid; and (3) postreduction with hydrazine to remove 
any remaining oxygen functionality. The lightly sulfonated 
graphene could be readily dispersed in water at reasonable 
concentrations (2 mg mL−1) in the pH range of 3–10. AFM 
images confirmed that evaporated dispersions of graphene 
oxide and graphene were composed of isolated graphitic 
sheets (Figure  6.9a  and  b). The graphene oxide had lateral 
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FIGURE 6.5 (a) 8 µm × 8 µm tapping-mode AFM topography image showing individual thermally exfoliated graphite oxide flakes. 
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sheet shown in (b) (position indicated by black dashed line in (b)). (e) Histogram showing the narrow distribution of minimal sheet heights 
measured on 53 different sheets. (f) Cross section through the sheet shown in (c) exhibiting a height minimum of 1.1 nm. (Schniepp, H.C. 
et al., Functionalized single graphene sheets derived from splitting graphite oxide. The Journal of Physical Chemistry B, 2006. 110(17): 
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dimensions of several micrometers and a thickness of 1 nm, 
which is characteristic of a fully exfoliated graphene oxide 
sheet. After the final reduction step, the lateral dimensions 
of graphene ranged from several hundred nanometers to sev-
eral micrometers. Figure 6.9c is an image of graphene oxide 
sheets with the lateral size up to 10 µm. Figure 6.9d shows a 
transmission electron microscopy (TEM) image of a single 
GS. It appeared transparent and was folded over on one edge 
with isolated small fragments of graphene on its surface, 
which indicated that water-soluble graphene was similar to a 
single GS peeled from pyrolytic graphite.

Wei et  al. [28] created charged molecular templates to 
direct the placement of single-layer GO sheets as shown in 
Figure 6.10. The distribution of the GO sheets depended on 
the surface functionalization, background passivation, pH, 
and deposition time. Electrostatic attraction guides the tem-
plating of the GO sheets and, consequently, templating could 
be modulated by adjusting the pH of the deposition solution. 
In contrast to CNT immobilization, these GO sheets did not 
adhere to the bare Au surface.

Fan et al. [29] found that exfoliated GO can undergo quick 
deoxygenation in strong alkali solutions at moderate tempera-
tures. This reaction provided a green route to the synthesis 
of graphene with excellent dispersibility in water. In this 
method, first, GO was prepared and purified according to the 
HU method. A suspension was obtained by dispersing puri-
fied GO in distilled water with intensive sonication. A stable 
graphene suspension was quickly prepared by simply heating 

an exfoliated GO suspension under strongly alkaline condi-
tions at moderate temperatures (50–90°C) (Figure  6.11a). 
Initially, they introduced functional groups to exfoliated GO 
by free radical addition. The addition of NaOH to the GO sus-
pension was accompanied by a fast color change from  yellow–
brown to homogeneous black. It was also observed that 
exfoliated GO could undergo fast deoxygenation in strongly 
alkaline solutions, resulting in stable aqueous graphene sus-
pensions (Figure 6.11b). Typically, exfoliated GO suspension 
and NaOH or KOH solution were loaded into a jacketed ves-
sel, with hot water circulating through the outer chamber. The 
temperature of the circulating water was constantly controlled 
by a temperature circulator, and the whole vessel was sub-
jected to mild sonication. The yellow–brown exfoliated GO 
suspension became black when it was kept at a temperature of 
80°C for a few minutes.

Bai et  al. [30] reported the noncovalent functionaliza-
tion of GSs by a conducting polymer, sulfonated polyani-
line (SPANI), to produce a water-soluble and electroactive 
composite. SPANI due to its redox properties, can disperse 
GSs via π–π interactions, and provide the resulting SPANI-
modified graphene with unique electrochemical properties. 
GSs were prepared by reducing exfoliated GO in the pres-
ence of SPANI. Typically, GO was synthesized from natural 
graphite through a modified HU method. To prepare SPANI/
r-G, SPANI was added into an aqueous dispersion of GO and 
then hydrazine was injected into the solution and the reaction 
was carried out at 90°C for 24 h. Reduction of GO dispersion 
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without any stabilizer led to the precipitation of graphite par-
ticles due to the rapid irreversible aggregation of GSs (Figure 
6.12). However, in the presence of SPANI, a homogeneous 
black dispersion was formed after the reduction. The compos-
ite film of SPANI/r-G exhibits high conductivity, good elec-
trocatalytic activity, and stability.

Paredes et  al. [31] produced graphene nanosheets in the 
form of stable aqueous dispersions by chemical reduction of 
graphene oxide and these were deposited onto graphite sub-
strates that were further investigated by AFM and STM. The 
chemically reduced graphene oxide nanosheets could be read-
ily discriminated from their unreduced counterparts through 
phase imaging in the attractive regime of tapping-mode AFM 
probably because of differences in hydrophilicity arising 

from their distinct oxygen contents. The chemically reduced 
nanosheets displayed a smoothly undulated,  globular mor-
phology on the nanometer scale, with typical vertical varia-
tions in the subnanometer range and lateral feature sizes of 
~5–10 nm. Figure 6.13 shows general height (a, c) and phase 
(b, d) tapping-mode AFM images of unreduced (a, b) and 
chemically reduced (c, d) graphene oxide nanosheets depos-
ited onto HOPG, as obtained in the attractive regime of tip-
sample interaction. As the height images and corresponding 
line profiles show, there were no noticeable morphological 
differences between the unreduced (Figure 6.13a) and the 
chemically reduced (Figure 6.13c) nanosheets at this magni-
fication. In both cases, sheets of uniform height relative to the 
HOPG substrate (~1.0–1.2 nm) and lateral dimensions ranging 
from a few hundred nanometers to about 1 µm are observed. It 
was observed that for the unreduced sheets (Figure 6.13b), the 
measured phase was clearly different to that of the unoxidized, 
pristine HOPG surface, whereas the phase of the chemically 
reduced sheets was essentially the same as that of the sub-
strate (Figure 6.13d). Detailed inspection of the phase image 
in Figure 6.13b revealed that, while all the sheets displayed a 
generally increased phase relative to that of the HOPG back-
ground, there existed some local variations in the actual phase 
values from sheet to sheet or even within an individual sheet. 
This was clearer when comparing the two sheets identified 
by black and white arrows in Figure 6.13a and b. The sheet 
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FIGURE 6.7 Tapping-mode AFM height images of spin-coated 
GO films. (a) 3-nm-thick, continuous GO film clearly showing edges 
of individual GO sheets. Surface RMS roughness (Rq) is 1.2 nm. 
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of hydrazine vapor for 18 h and thermal annealing at 400°C for 3 h. 
Rq is 2.4 nm. (f) Image of a 67-nm film after vacuum annealing at 
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nesses reported for (d–f) were measured after reduction. (Reprinted 
with permission from Becerril, H.A. et al., Evaluation of solution-
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Society.)
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denoted by the black arrow exhibited a higher phase than that 
of the sheet marked by the white arrow. Such observations 
suggested that different graphene oxide sheets could be oxi-
dized to somewhat different extents and that single sheets may 
exhibit areas with different levels of oxidation on the nano-
meter scale. On the other hand, the fact that the chemically 
reduced graphene oxide sheets present very similar phase val-
ues to that of the HOPG substrate (Figure 6.13d) suggested 
that reduction decreased the hydrophilicity of the sheets to a 
level closer to that of the HOPG surface.

Geng et al. [32] proposed a route to produce graphite nano-
platelets and GSs via direct exfoliation of graphene by ultra-
sonication in formic acid. A stable graphene aqueous dispersion 
was obtained using the as-produced GNPs after two process-
ing steps: (i) chemical oxidation of GNPs to GO nanoplatelets 
and (ii) chemical reduction of GO nanoplatelets to graphene. 
The total duration for oxidation and production of stable GO 
colloid was significantly shortened due to the use of exfoli-
ated GNPs with a large surface area. Figure 6.14 presents typi-
cal TEM images of GNP and graphene. The distinguishable, 
black–white lines running perfectly in parallel in Figure 6.14 

correspond to the fold of individual GNP, from which the thick-
ness as well as the number of layers can be estimated. From the 
typical image of a GNP (Figure 6.14a), approximately five lay-
ers of GNP were identified. The interlayer space was measured 
to be 0.334 nm, which is  consistent with the theoretical value 
of 0.335 nm and the experimental value of 0.335 nm obtained 
from the above x-ray diffraction analysis. The GSs shown at a 
low magnification in Figure 6.14b appeared flat and transpar-
ent, with some wrinkles and folding on the surface and edge: 
the inset image presents the magnified view of the folded area. 
Further examination of the folded area using a high-resolution 
image (Figure 6.14c) gave a deeper insight into understand-
ing of the exfoliation and morphology of graphene layers. 
The sheets are found to consist of up to three graphene layers. 
Unlike those seen in the GNP (Figure 6.14a), the black–white 
lines were not parallel but extended zigzag, which may be the 
reflection of the wrinkled nature of graphene.

Thermal decomposition of GO into nanocarbons at pres-
sures from ambient to 5 GPa were studied by Talyzin et al. 
[33]. The temperature of GO decomposition at 5 GPa was 
close to the temperature of GO exfoliation at ambient pressure; 
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however, materials formed are strongly dependent on pressure. 
Ambient-pressure exfoliation resulted in the preservation of 
particle shapes from starting GO and formation of paper-like 
wrinkled sheets with thicknesses of a few graphene layers. 
High-pressure thermal decomposition resulted in breaking 
these sheets and the formation of round carbon nanoparticles 
(Figure 6.15). The sample exfoliated at ambient pressure 
consists of relatively large paper-like sheets with dimensions 
from a few hundreds of nanometers to the micrometer level. 
These paper-like sheets are heavily wrinkled and bent. Their 
morphology closely reminds one of pristine GO. Images taken 
from sample thermally decomposed at high pressure show a 
much larger variety of carbon nanostructures: some bent 

planar sheets are present as a minor part of the sample, but 
also larger graphite pieces (~1 µm size) and a number of small 
particles were found. A very typical feature of this sample 
is the presence of numerous carbon particles with approxi-
mately spherical shape and size from 20 to 150 nm.

Polydisperse, functionalized, chemically converted gra-
phene (f-CCG) nanosheets, which could be homogeneously 
distributed into water, ethanol, dimethylformamide (DMF), 
dimethyl sulfoxide (DMSO), and (3-aminopropyl)triethoxysi-
lane (APTES) were obtained by Yang et  al. [34] via facile 
 covalent functionalization with APTES. (i) Graphene oxide 
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(GO) was prepared by oxidizing natural graphite powder 
based on a modified HU method as originally presented by 
Kovtyukhova et  al. As-prepared graphene oxide was sus-
pended in ultrapure water to give a brown dispersion. The 
resulting purified graphene oxide powders were collected by 
centrifugation and air-dried. Graphene oxide powders were 
dispersed in water to create a 0.05 wt% of dispersion. Then 
the dispersion was exfoliated by ultrasonication for 1 h, in 
which the bulk graphene oxide powders were transformed 
into GO sheets. (ii) Unfunctionalized, chemically converted 
graphene (u-CCG) was synthesized from as-purified gra-
phene oxide nanosheets. Graphene oxide sheets were mixed 
with water, hydrazine solution, and ammonia solution. After 
stirring for a few minutes, the GO nanosheets were reduced 
to graphene by refluxing the mixture for 24 h under an oil 
bath (95°C). (iii) For the synthesis of f-CCG nanosheets, first, 
GO nanosheets containing hydroxyl and epoxide functional 
groups and carboxyl and carbonyl groups on their basal planes 

and edges reacted with 3- APTES. Briefly, GO and N,N′-
dicyclohexylcarbodiimide were dispersed in APTES followed 
by ultrasonication for 1 h, and the brown and homogeneous 
mixture was stirred and heated to 70°C for 24 h. After that, 
the resulting black and homogeneous APTES f-CCG sheets 
were centrifuged, washed with absolute ethanol, and then 
dried under vacuum.

Graphene thin films with a very low concentration 
of oxygen-containing functional groups were produced 
by Akhavan et  al. [35] by reduction of graphene oxide 
nanosheets (prepared by using a chemical exfoliation) in a 
reducing environment and using two different heat treat-
ment procedures (called one- and two-step heat treatment 
procedures). The effects of the heat treatment procedure and 
temperature on the thickness variation of graphene platelets 
and also on the  reduction of the oxygen-containing func-
tional groups of the graphene oxide nanosheets were also 
studied. While the formation of thin films composed of SLG 
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nanosheets with a minimum thickness of 0.37 nm and nearly 
without any functional group bonds was observed at a high 
temperature of 1000°C in the one-step reducing procedure, 
similar high-quality graphene thin films were obtained at a 
lower temperature of 500°C in a two-step reducing tempera-
ture. The results also indicated the possibility of efficient 
reduction of the graphene oxide thin films at even lower heat 
treatment temperatures.

FLGs were produced in gram scale by a low-temperature 
(exfoliation temperature as low as 200°C) chemical exfolia-
tion approach under a negative pressure environment (high 
 vacuum) by Lv et al. [36]. The graphene materials obtained 
were of high specific surface area. First, GO powder was pre-
pared by the modified HU method and then the exfoliation 
of GO was achieved by a low-temperature expansion under 
high vacuum. The as-prepared GO was put into a quartz tube 
that was sealed at one end and was stoppered at the other end, 
through which the reaction tube was connected to a high vac-
uum pump. The tube was heated at a rate of 50°C min−1 under 
a high vacuum. At about 195°C, an abrupt volume change was 
observed. To remove the superabundant functional groups, 
the GO was kept at 200°C for 5 h and a high vacuum was 
maintained during the heat treatment. Figure  6.16a and b 
shows the low-magnification TEM, which indicates that the 

samples were homogeneous micrometer-sized flakes, with 
low contrast, that indicated less thickness (Figure 6.16a and b). 
Figure 6.16c through e shows typical high- magnification 
TEM images of single-, double-, and seven-layer  graphenes, 
respectively. Statistics about the distribution of the number of 
layers revealed that the GSs were few layered (no more than 
seven layers), and over 60% were single layered (Figure 6.16f). 
Two sets of diffraction patterns were also identified in the 
fast Fourier transform (FFT)  pattern of multilayer graphene 
(inset of Figure 6.16d), owing to the folded layers with differ-
ent crystalline orientations. These results indicated that the 
obtained material was a mixture of SLG and FLG, with SLG 
dominating.

Zhu et al. [37] reported the exfoliation and thermal reduc-
tion of suspensions of graphene oxide platelets in propylene 
carbonate. Heating the graphene oxide suspensions at 150°C 
significantly reduced the graphene oxide platelets. GO pow-
der was prepared by the modified HU method. Figure 6.17a 
(top image) shows that 1 h of bath sonication generated a uni-
form brown colored graphene oxide suspension in propylene 
carbonate (PC) at pH 3 with the suspension remaining stable 
for several months without any visible precipitation. When the 
pH was increased to 7 and 10, only very low concentrations 
of dispersed GO in PC could be achieved. It was explained 
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FIGURE 6.14 TEM images of (a) GNP, five layers with interlayer spaces of ~0.334 nm. (b) Graphene sheets at a low magnification, the 
inset showing the folded area. (c) High-resolution image of the folded area in (b). (Reprinted from Journal of Colloid and Interface Science, 
336(2), Geng, Y., S.J. Wang, and J.-K. Kim, Preparation of graphite nanoplatelets and graphene sheets, p. 592–598, Copyright 2009, with 
permission from Elsevier.)
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that the excellent dispersion of GO in PC was due to the high 
dipole moment of PC, rather than electrostatic repulsion. As 
seen from the scanning electron microscopy (SEM) image 
in Figure 6.17b, a closely packed “tiling” of graphene oxide 
platelets with a uniform contrast was observed on the sub-
strate. The platelets had lateral dimensions ranging from sev-
eral hundred nanometers to several micrometers and were 
arranged in an edge-to-edge configuration. From a typical 
AFM topography image (Figure 6.17c), it was again observed 
that the contrast of the platelets was very uniform except for 
isolated wrinkles and protrusions. The corresponding line 
profile (Figure 6.17d) showed a thickness of ~0.6 nm for the 
graphene oxide platelets. RG-O powders, obtained by filtra-
tion of the as-heated (reduced) graphene oxide suspension 
followed by vacuum drying, were composed of platelets dis-
playing a fluffy and crumpled morphology as viewed using 
SEM and shown in Figure 6.17e. The high-magnification 
SEM image (Figure 6.17e inset) demonstrated thin and wrin-
kled platelets transparent to electrons. Figure 6.17f showed 

a typical TEM image from the RG-O sample that was ther-
mally reduced at 150°C in PC. It was observed that the RG-O 
platelets had wrinkles and folded regions. From these RG-O 
platelets, selected area electron diffraction (SAED) yielded a 
ring-like pattern consisting of many diffraction spots for each 
order of diffraction, as seen in the inset of Figure 6.17f, which 
indicated the essentially random overlay of individual RG-O 
platelets, or from folds that cause overlays.

Park et al. [38] presented a facile means of fabricating gra-
phene thin films via layer-by-layer (LbL) assembly of charged 
graphene nanosheets (GS) based on electrostatic interactions. 
GO obtained from graphite powder using HU method was 
chemically reduced to carboxylic acid-functionalized GS 
and amine-functionalized GS to perform an alternate LbL 
deposition between oppositely charged GSs. Specifically, 
for successful preparation of positively charged GS, GOs 
were treated with an intermediate acyl-chlorination reaction 
by thionyl chloride and a subsequent amidation reaction in 
 pyridine, whereby a stable GO dispersibility could be main-
tained within the polar reaction solvent. As a result, without 
the aid of additional hybridization with charged nanomate-
rials or polyelectrolytes, the oppositely charged graphene 
nanosheets could be electrostatically assembled to form gra-
phene thin films in an aqueous environment, while obtaining 
controllability over film thickness and transparency.

To prepare the negatively and positively charged graphene 
nanosheets (GSs), first, graphene oxide was prepared from 
graphite powder using a modified HU method. To  synthesize 
the carboxylic acid-functionalized GS dispersion, GOs were 
mixed with hydrazine at a ratio of 7:10, and the chemical 
reduction reaction proceeded at 80°C for 1 h. In parallel, to 
synthesize the amine-functionalized GS dispersion, GOs 
prepared via HU method were not exfoliated by sonication 
but were instead left to dry completely at 50°C in a vacuum 
and collected as a powder phase. To promote the acyl-chlo-
rination reaction of dried GOs, an intermediate process for 
the final amidation reaction, they added an excess amount of 
thionyl chloride to GOs and reacted it with refluxing at 70°C 
for 12 h. For amidation, ethylenediamine was added to acyl 
chlorinated GSs and reacted in a pyridine solution at 80°C for 
1 day. After the reaction was completed, the reaction prod-
ucts were repeatedly rinsed with methanol and deionized 
water and finally exfoliated using sonication for 30 min. The 
LbL assembly of charged GSs was performed using a pro-
grammable slide stainer with a deposition condition of eight 
minutes adsorption of charged GSs. To compensate for the 
negative charge of the substrate,  positively charged GS was 
initially adsorbed, and then negatively charged GS was alter-
nately applied to produce an electrostatic bond. The alternate 
depositions of GS were repeated until the targeted thickness 
of the assembled films was attained. Finally, the assembled 
graphene film was thermally reduced in a furnace in an inert 
environment with argon purging. The annealing temperature 
was varied between 300°C and 900°C. A drying process of 
fully exfoliated GOs after a sonication process resulted in a 
film phase aggregation of GOs; therefore, it exhibited poor 
solubility in thionyl chloride as shown in Figure 6.18a (right), 
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100 nm

FIGURE 6.15 TEM pictures of samples exfoliated at ambient 
pressure (a) and at 5 GPa (b). (Reprinted with permission from 
Talyzin, A.V. et al., Nanocarbons by high-temperature decomposi-
tion of graphite oxide at various pressures. The Journal of Physical 
Chemistry C, 113(26): p. 11279–11284. Copyright 2009 American 
Chemical Society.)
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FIGURE 6.16 TEM observations of a typical low-temperature exfoliated sample, G-200: (a, b) low-magnification TEM image of G-200; 
(c–e) high-magnification TEM images of single-, double-, and seven-layer graphenes. Inset of panel (b): FFT pattern of a single-layer gra-
phene. Inset of panel (e): FFT pattern of a seven-layer graphene. (f) Histogram of distribution of the number of graphene layers of G-200. 
(Reprinted with permission from Lv, W. et al., Low-temperature exfoliated graphenes: Vacuum-promoted exfoliation and electrochemical 
energy storage. ACS Nano, 3(11): p. 3730–3736. Copyright 2009 American Chemical Society.)
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FIGURE 6.17 (a) Optical images of a graphene oxide suspension in PC (top) before and (bottom) after heating at 150°C for 12 h. (b) SEM 
image of graphene oxide platelets deposited on a Si substrate. (c) AFM image of graphene oxide platelets dispersed on mica and (d) cor-
responding line profile. (e) SEM image of the RG-O powder obtained by heating graphene oxide in PC at 150°C with a high-magnification 
SEM image in the inset. (f) TEM image of the RG-O platelets from the 150°C treatment and the corresponding SAED pattern. (Reprinted 
with permission from Zhu, Y. et al., Exfoliation of graphite oxide in propylene carbonate and thermal reduction of the resulting graphene 
oxide platelets. ACS Nano, 4(2): p. 1227–1233. Copyright 2010 American Chemical Society.)
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eventually leading to a low yield in GS production. Because 
the employment of thionyl chloride for the acyl-chlorination 
reaction was basically targeted to carboxylic acid groups 
located at the edges of GO, not on the basal planes, they 
 utilized nonsonicated GOs to prevent the aggregation of GOs 
after the drying process. As a result, nonaggregated and pow-
der-phase GOs could be stably dispersed in thionyl  chloride 
(Figure 6.18a, left). Another challenge associated with the sol-
ubility of GOs was encountered during the amidation reaction 
of GOs through the addition of ethylenediamine. The mixed 
characteristic between partial hydrophilicity and hydropho-
bicity of GOs did not allow for good dispersibility in nonpo-
lar organic solvents (Figure 6.18b, left). Therefore, instead of 
using toluene, they adopted pyridine as a representative polar 
organic solvent, in which a good dispersibility during the ami-
dation reaction was obtained (Figure 6.18b, right).

Poh et al. [39] described a simple and scalable method of 
doping graphene lattice with sulfur atoms during the thermal 
exfoliation process of GOs. The GOs were first prepared by 
Staudenmaier, Hofmann, and HU methods followed by treat-
ments in hydrogen sulfide, sulfur dioxide, or carbon disulfide. 
It was found that the level of doping was more dramatically 
influenced by the type of GO used rather than the type of 
sulfur-containing gas used during exfoliation. Resulting 
sulfur-doped graphenes act as metal-free electrocatalysts 
for an oxygen reduction reaction. To prepare sulfur-doped 
graphenes, graphite was first oxidized to GO with (a) fumic 
nitric acid, H2SO4, and KClO3 (Staudenmaier method [ST]), 
(b) 68% HNO3, H2SO4, and KClO3 (Hofmann method [HO]), 
or (c) H2SO4, KMnO4, and NaNO3 mixture (Hummers’ HU 
method). Then, the material was placed in a quartz tube and 
exfoliated in SO2, H2S, or CS2 atmospheres (1000 mbar) at 
600 or 1000°C. Characterization of the materials was carried 
out using SEM to observe the morphology and  topographical 
details. Imaging of the materials was carried out at various 
magnifications of 370, 6000, 10,000, and 50,000, as shown 
in Figure 6.19. It was observed from the obtained images that 

all of the materials were successfully exfoliated as the images 
presented structures that were similar to exfoliated graphene 
oxides where separated sheets of sulfur-doped graphene 
oxides could be clearly observed.

6.2.4  ChemiCal vapor depoSition 
SyntheSiS oF Graphene

Large-area, high-quality graphene can also be grown by 
thermal chemical vapor deposition (CVD) on catalytic tran-
sition metal surfaces. Besides mechanical exfoliation and 
chemical reduction processes to synthesize GSs, several 
other methods, including epitaxial growth from SiC, and 
CVD on different metal surfaces have been reported. CVD 
process (i.e., using Ni as a substrate) involves dissolving car-
bon into the nickel substrate followed by a precipitation of 
carbon on the substrate by cooling the nickel. The Ni sub-
strate is placed in a CVD chamber at a vacuum of 10−3 Torr 
and temperature below 1000°C with a diluted hydrocarbon 
gas. The deposition process starts with the incorporation 
of a limited quantity of carbon atoms into the Ni substrate 
at relatively low temperature, similar to the carburization 
process. The subsequent rapid quenching of the substrate 
caused the incorporated  carbon atoms to out-diffuse onto 
the surface of the Ni substrate and form graphene layers. 
Therefore, the thickness and crystalline ordering of the pre-
cipitated carbon, that is, graphene layers, is controlled by the 
cooling rate and the concentration of carbon dissolved in the 
nickel, which is determined by the type and concentration of 
the carbonaceous gas in the CVD, and the thickness of the 
nickel layer.

The formation of a monolayer to few-layer graphene has 
been mentioned in early CVD studies on metal surfaces 
such as copper (111) [40–43], nickel (111) [44], cobalt (0001) 
[45], iron [46,47], gold (111) [48], ruthenium (0001) [49–
51],  iridium (111) [52], platinum (111) [53], palladium (111) 
[54], rhenium (0001), rhodium (111) [55], etc. CVD growth 
appears to be the most promising technique for large-scale 
production of mono- or few-layer graphene films. This study 
opened up a new graphene synthesis route with several 
unsolved issues such as controlling the number of layers, 
and minimizing the folding of graphene. After a chemical 
etching of the metal substrate, the graphene layers detach 
and can be transferred to another substrate, providing high-
quality graphene layers without complicated mechanical or 
chemical treatments.

Dai et al. [56] reported that the growth of entirely mono-
layer graphene with 100% surface coverage can be achieved 
from CVD of methane at 1000°C over a Ni–Mo alloy. The 
alloy was prepared by the deposition of Ni (200 nm) onto Mo 
foils (25 or 200 µm) and annealed at 900°C prior to graphene 
growth. Graphene formation proceeds via a surface-catalyzed 
process rather than from carbon segregation because carbon 
dissolved in the bulk is “trapped” as molybdenum  carbide. 
This study demonstrates an alternative strategy for the CVD 
growth of SLG using a designed binary alloy, which is 
 schematically shown in Figure 6.20.

(a) (b)

FIGURE 6.18 Dispersibility of GOs in thionyl chloride for acyl-
chlorination reaction and in organic solvents for amidation reaction. 
(a) GOs dispersed in SOCl2 solution after treatment with nonsoni-
cated drying (powder phase, left) and with sonicated exfoliation and 
subsequent drying (aggregated film phase, right). (b) GOs dispersed 
in toluene (nonpolar, left) and pyridine (polar, right). (Reprinted 
with permission from Park, J.S. et al., Fabrication of graphene thin 
films based on layer-by-layer self-assembly of functionalized gra-
phene nanosheets. ACS Applied Materials and Interfaces, 3(2): p. 
360–368. Copyright 2011 American Chemical Society.)



88 Graphene Science Handbook

(a) ST-S: [H2S/600°C] HO-S: [H2S/600°C] HU-S: [H2S/600°C] HO-S: [SO2/1000°C]

ST-S: [SO2/600°C] HU-S: [SO2/600°C] HO-S: [SO2/600°C] HO-S: [CS2/1000°C]

(b)

(c)

(d)

(a)

(b)

(c)

(d)

FIGURE 6.19 Scanning electron micrographs of sulfur-doped graphenes prepared from Hofmann, Hummers’, and Staudenmaier 
graphite oxides by exfoliation in sulfur-containing gas at various temperatures. Magnification of (a) 370×, (b) 6000×, (c) 10000×, and 
(d) 50000×. Scale bars of 100 nm (a), 1 µm (b, c), and 10 µm (d). (Reprinted with permission from Poh, H.L. et al., Sulfur-doped graphene 
via thermal exfoliation of graphite oxide in H2S, SO2, or CS2 gas. ACS Nano, 7(6): p. 5262–5272. Copyright 2013 American Chemical 
Society.)
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6.2.4.1 Growth of Graphene on Cobalt Substrate
A number of studies have been undertaken for the growth of 
graphene on polycrystalline Co deposited on SiO2/Si 
[57–59].  Ramon et  al. [57] synthesized large-area gra-
phene on Co, a complementary metal-oxide-semiconductor 

(CMOS)-compatible metal, using acetylene (C2H2) as a pre-
cursor in a CVD-based method. Cobalt films were deposited 
on SiO2/Si, and the influence of Co film thickness on mono-
layer graphene growth was studied, based on the solubility of 
C in Co. The surface area coverage of monolayer graphene 
was observed to increase with decreasing Co film thick-
ness. A thorough Raman spectroscopic analysis reveals that 
 graphene films, grown on an optimized Co film thickness, are 
principally composed of monolayer graphene. The thickness 
of the Co film on the quality of graphene was investigated 
by comparing the optical micrographs of graphene grown 
on 100, 200, and 300 nm Co films, as shown in Figure 6.21a 
through c, respectively. The lightest pink region, as indicated 
in Figure 6.21a, corresponds to monolayer graphene, cov-
ering ~80% of the area shown. The second lightest and the 
darker regions in Figure 6.21a exhibit bilayer and multilayer 
 graphene/FLG, respectively.

Zhan et  al. [58] reported the cobalt-assisted large-area 
epitaxial graphene growth in thermal cracker-enhanced gas 
source molecular beam epitaxy. Growth conditions, includ-
ing growth temperature and growth time, play important roles 
in the resulting morphology of as-grown films. High-quality 
 graphene films can be achieved in a small growth window. 
High cooling rate was not required in this process due to the 
direct growth mechanism under the atomic carbon growth 
condition. Figure 6.22a shows a top-view TEM image of the 
film. Except the areas where the graphene films fold up with 
each other, very even brightness of the film is  evident, which 
indicates good morphology of the as-grown film. Figure 6.22b 
through d shows the cross-sectional TEM images of single-, 
bi-, and multilayer graphene, respectively, which exist in the 
same sample. The interlayer distance of 3.4 Å obtained by 
FFT agrees with that of graphite. A clear hexagonal shape 
diffraction pattern from most part of the film confirms good 
crystalline structure of the as-grown film.

Wang et al. [59] synthesized graphene of 1–5 layers on a 
polycrystalline Co film by radio-frequency plasma-enhanced 
CVD at a relatively low temperature of 800°C. During the 
graphene growth, only 3 sccm CH4, diluted by 15 sccm H2 
and 60 sccm Ar, was used as the reaction gas. Schematic 
illustration of the formation process of graphene on a Co film 
has been shown in Figure 6.23. As is schematically illustrated 
in Figure 6.23, after the substrate is heated to 800°C in the 
 protection gas, a plasma power (200 W) is applied to decom-
pose methane on the polycrystalline Co film, and a solid 
 solution of C and Co is formed. This step is realized in a short 
time (40 s); thus, the carbon concentration at the surface of 
the Co film is low. In the process of cooling, carbon atoms 
can  segregate from the interior of the Co film at the surface 
to form  graphene. However, the diffusion of carbon atoms in 
Co crystallites is restricted by the type of interstices at the 
surface of a unit cell of Co crystallites.

In Figure 6.24, TEM and high-resolution transmission 
electron microscopy (HRTEM) experiments are performed 
to further reveal the microstructure of the obtained gra-
phene. By wet-etching the graphene/Co film with a 1 M ferric 
 chloride solution [4], the graphene is released (Figure 6.24a), 
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FIGURE 6.20 (a) Schematic drawing of a designed binary alloy 
for CVD growth of single-layer graphene by suppressing carbon 
precipitation, which was demonstrated by a Ni–Mo model system. 
(b) Photograph of a 2 × 2-cm single-layer graphene grown on a Ni 
(200 nm)/Mo (25 µm) foil. (c) Optical microscope image of (b), 
which demonstrates the excellent uniformity of the single-layer 
graphene and shows that it has 100% surface coverage. Optical 
microscope images of CVD graphene grown on 200-nm Ni/SiO2/
Si substrates at a cooling rate of (d) 20°C min−1, and (e) 4°C min−1. 
The growth conditions were 1000°C for 5 min, ambient pressure 
with a gas flow of H2:CH4  = 16:1 sccm, and 20°C min−1 of cool-
ing rate unless otherwise specified. The gas flow composition in 
(e) was H2:CH4  = 160:1 sccm. The graphene films were transferred 
onto 300-nm SiO2/Si substrates for characterization. The scale 
bars of c–e are 20 µm. (Reprinted by permission from Macmillan 
Publishers Ltd. Nature Communications, Dai, B. et al., Rational 
design of a binary metal alloy for chemical vapour deposition 
growth of uniform single-layer graphene. 2: p. 522, copyright 2011.)
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and transferred to a lacey carbon-coated grid. The graphene 
is transparent and the corrugated wave indicates its good 
flexibility. The HRTEM images from the edge of graphene 
in Figure 6.24c through g confirm that the sample consists 
of 1–5 layers, wherein the layer spacing is 0.34 nm, in good 
agreement with the interplanar distance of (002) graphite. 
Figure 6.24h shows an atomic-resolution TEM image and an 
enlarged  pattern (Figure 6.24i) indicated by a box, in which 
we can clearly observe a hexagonal lattice that is confirmed 
by an FFT image (inset of Figure 6.24h).

6.2.4.2 Growth of Graphene on Iron Substrate
The studies of CVD-grown graphene on Fe substrate report 
multilayer graphene at low pressure and low temperature. 
Graphene synthesis on Fe foil using thermal CVD has been 
reported by An et  al. [47]. In this process, graphene syn-
thesis was performed on Fe foil at a low temperature on a 
100-µm-thick Fe foil as a catalyst and acetylene as a hydro-
carbon source for graphene growth. With a low  acetylene 
flow rate and short exposure time, single- to few-layer GSs 
 partially covering the Fe substrate were obtained. With 
 sufficient exposure times and acetylene flow rates, continuous 
graphene layers were obtained at temperatures ranging from 
600°C to 800°C.

Figure 6.25 shows the optical microscope images of the 
as-synthesized graphene layers on a poly-Fe substrate and a 
bare poly-Fe foil. At a glance, the synthesized graphene films 
do not look to fully cover the Fe substrate under this process 
condition as shown in Figure 6.25. In order to examine the 
number of graphene layers, micro-Raman spectra were taken 
at several representative regions exhibiting a distinct color 
contrast. Raman spectroscopy provides a quick and powerful 
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FIGURE 6.21 (a) Optical micrographs of graphene grown on (a) 100-nm Co film, showing large monolayer area along with small domains 
of bi- and multilayer area, and (b) 200-nm and (c) 300-nm Co films. All scale bars are 10 µm. (d) Percentage surface area coverage by mono-
layer graphene as a function of Co film thickness. (Reprinted with permission from Ramón, M.E. et al., CMOS-compatible synthesis of 
large-area, high-mobility graphene by chemical vapor deposition of acetylene on cobalt thin films. ACS Nano, 5(9): p. 7198–7204. Copyright 
2011 American Chemical Society.)
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FIGURE 6.22 (a) Top-view TEM image of the graphene film. (b), 
(c), and (d) are TEM cross-sectional images of single-, bi-, and mul-
tilayer graphene, respectively (the scale bar is 2 nm). (e) Diffraction 
pattern of as-grown sample. (With kind permission from Springer 
Science+Business Media: Applied Physics A, Cobalt-assisted large-
area epitaxial graphene growth in thermal cracker enhanced gas 
source molecular beam epitaxy, 105(2), p. 341–345, Zhan, N., G. 
Wang, and J. Liu, Copyright 2011.)
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tool for examining the quality of produced graphene films. 
There are two intense peaks: G band (~1580 cm−1) and 2D 
band (~2700 cm−1), which are the characteristics of graphene. 
The relative peak heights of the G and 2D bands change with 
the number of layers. The corresponding Raman spectra taken 
at the specific sites are shown in Figure 6.25c.

Condo et al. [46] reported the CVD synthesis of multilayer 
graphene by controlling the catalyst thickness. Interestingly, 
for Fe films that are 6–20 nm thick, multilayer graphene grew 
on top of CNTs, while for films <5 nm, CNTs were formed. 
Graphene thickness can be controlled by using Fe film thick-
ness with thinner graphene forming on thicker Fe. Increasing 
the growth temperature is found to increase graphene thick-
ness but reduce the number of defects, so the growth of thin, 
high-quality graphene on Fe requires careful balancing of 
conditions.

6.2.4.3 Growth of Graphene on Nickel Substrate
Continuous, highly flexible and transparent graphene films on 
Ni substrate by using CVD have been grown by Arco et al. 
[60]. In this synthesis process, elemental Ni was thermally 
evaporated onto precleaned Si/SiO2 substrates up to a thick-
ness of ~1000 Å. Subsequently, Ni/Si/SiO2 substrates were 
taken into a sealed high-temperature furnace and heated to 
900°C under a hydrogen flow rate of 600 sccm. Graphene 
synthesis was obtained at 900°C by flowing methane at a flow 
rate of 100 sccm for 8 min.

Reina et al. [61] synthesized large-area, few-layer graphene 
films on Ni substrates via ambient pressure CVD as shown 
in Figure 6.26. These graphene films consist of regions of 1 
to ~12 graphene layers. Single- or bilayer regions can be up 
to several micrometers in lateral size. The films are continu-
ous over the entire area and can be patterned lithographically 
or by prepatterning the underlying Ni film. The graphene 
film size is determined by the area of the Ni growth sur-
face and is only limited by the CVD chamber size. In this 
CVD process, polycrystalline Ni film (at 900–1000°C) was 
exposed to a highly diluted hydrocarbon flow under ambient 
pressure. This gives rise to an ultrathin graphene film over 
the Ni surface. The Ni films were e-beam evaporated onto 
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FIGURE 6.23 Schematic illustration of the formation process of graphene on a Co film. (The source of the material Wang, S.M. et al., 
Synthesis of graphene on a polycrystalline Co film by radio-frequency plasma-enhanced chemical vapour deposition, Journal of Physics D: 
Applied Physics, 2010, 43(45): p. 455402, is acknowledged.)
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FIGURE 6.24 (a) Floating graphene after etching the cobalt layer 
in 1 M aqueous FeCl3 solution. (b) A TEM image of graphene on 
a lacey carbon-coated grid (folded edges are identified by black 
arrows). (c–g) High-resolution TEM images, showing that the 
edges consist of 1–5 layers, in which the adjacent  lattice spacing 
is 0.34 nm, marked with black arrows in (e). (h) An atomic-resolu-
tion TEM image and its corresponding FFT (inset). (i) An enlarged 
region indicated with a box in (h). (The source of the material Wang, 
S.M. et al., Synthesis of graphene on a polycrystalline Co film by 
radio-frequency plasma-enhanced chemical vapour deposition, 
Journal of Physics D: Applied Physics, 2010. 43(45): p. 455402, is 
acknowledged.)
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SiO2/Si substrates and thermally annealed before CVD syn-
thesis. Thermal annealing before the CVD process generates 
a Ni film microstructure with single-crystal grains of sizes 
between 1 and 20 µm. Furthermore, our studies suggest that 
the polycrystalline structure of the Ni film plays an important 
role in the formation of graphene film morphology. With bet-
ter engineering of the Ni film, such as enlarging and control-
ling the location of the single-crystal grains, well-controlled 
graphene features can be envisioned. This approach enables a 
viable route toward the scalable production of graphene struc-
tures for future applications.

Slow annealing of the Ni promotes large grain sizes of 
graphene film as reported by Zhang et al. [62]. They showed 
a comparative study of the formation of graphene on single-
crystal Ni (111) and polycrystalline Ni substrates using CVD. 
Preferential formation of monolayer/bilayer graphene on the 
single-crystal surface is attributed to its atomically smooth 
surface and the absence of grain boundaries as shown in 
Figure 6.27. In contrast, CVD graphene formed on polycrys-
talline Ni leads to a higher percentage of multilayer graphene, 
which is attributed to the presence of grain boundaries in 
Ni that can serve as nucleation sites for multilayer growth. 
Micro-Raman surface mapping reveals that the area percent-
ages of monolayer/bilayer graphene are 91.4% for the Ni (111) 
substrate and 72.8% for the polycrystalline Ni substrate under 
comparable CVD conditions.

Thiele et al. [63] described that FLG films can be grown 
by atmospheric CVD using deposited Ni thin films on SiO2/
Si substrates. Graphene growth starts with Ni-coated SiO2/
Si substrates; the Ni thin film is deposited by sputtering to 
a thickness of 500 nm. In a typical growth, the substrate is 
loaded into a quartz tube and heated in a CVD furnace to 
900–1100°C. This annealing process is carried out under H2 
and Ar atmosphere. The flow rate was kept constant at 200 
and 800 sccm for H2 and Ar, respectively. They found that 
there was a correlation between the thickness variations of the 
graphene film and the grain size of the Ni film. The minimiza-
tion of the internal stress not only promotes the growth of the 
grains with (111) orientation in the Ni film but also increases 
their grain size. Different types of SiO2 substrates also affect 
the grain size development. Based upon these observations, 
an annealing method was used to promote large grain growth 
while maintaining the continuity of the nickel film. Graphene 
films grown from Ni films with large versus small grains were 
compared for confirmation. Figure 6.28 shows the evolution of 
the Ni film surface at different stages during the graphene syn-
thesis process. Figure 6.28a is an AFM image of the Ni sur-
face after sputter deposition. Compared with the underlying 
SiO2/Si substrate, the surface became rougher. The root mean 
square (RMS) value increased from 0.163 (thermal SiO2) to 
4.40 nm (sputtered Ni). During the annealing process, some of 
the nickel grains start to grow whereas others shrink.

Chae et al. [64] studied the growth of graphene using poly-
Ni substrate. The effect of growth temperature, gas mixing 
ratio, and growth time on the CVD of acetylene/hydrogen was 
also studied. It shows that high temperature, high hydrogen 
concentration, and short growth time are important for pro-
ducing FLG with minimal defects. The formation of wrinkles 
on graphene is more clearly visualized in the field-emission 
scanning electron microscopy images in Figure 6.29. The 
inset shows different surface morphologies from different 
grains. This implies again the different growth rates of gra-
phene layers at an initial stage. The step terrace-like lines 
(marked by arrows) in Figure 6.29a are wrinkles. They cross 
over the grain boundary (white valley). The grain boundary 
cannot play a role as nucleation site for graphene synthesis. 
This could be attributed to the slow out-diffusion rate of car-
bon atoms through the grain boundary. One intriguing point 
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FIGURE 6.25 (a) Bare Fe foil before synthesis. (b) Optical micro-
scope image of graphene layers synthesized at 750°C with 5 sccm 
of C2H2 for 5 min. (c) Corresponding Raman spectra. The colored 
spectrum corresponds to the same colored circle. (Reprinted from 
Current Applied Physics, 11(4, Supplement), An, H., W.-J. Lee, and 
J. Jung, Graphene synthesis on Fe foil using thermal CVD, p. S81–
S85, Copyright 2011, with permission from Elsevier.)
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is that the wrinkle density decreased with increasing growth 
time, as shown in Figure 6.29b through d.

Growth of large-area single- and bilayer graphene by con-
trolled carbon precipitation on polycrystalline Ni surfaces has 
been reported by Reina et al. [65]. They showed the impor-
tance of cooling rate and short growth times for reducing 
graphene thickness to grow primarily single- and bilayer 
graphene films. Controlling both the methane concentration 

during CVD and the substrate cooling rate during graphene 
growth can significantly improve the thickness uniformity. As 
a result, one- or two-layer graphene regions occupy up to 87% 
of the film area. Single-layer coverage accounts for 5%–11% 
of the overall film. These regions expand across multiple 
grain boundaries of the underlying polycrystalline Ni film. 
The number density of sites with multilayer graphene/graphite 
(>2 layers) is reduced as the cooling rate decreases.
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FIGURE 6.26 Graphene films grown by CVD on Ni. (a) AFM image of the surface of a Ni grain with atomically flat terraces and steps 
after annealing. (b) AFM image of a graphene film on polycrystalline Ni after CVD synthesis. The ripples (pointed out by white arrows) at 
the edge of the groove indicate that the film growth bridges across the gaps between grains. (c) Optical image of a CVD-grown graphene 
film (blue) transferred to a SiO2/Si substrate (yellow background). The size of the graphene film is determined by the size of the initial Ni 
substrate. (d) Optical image of an edge of a graphene film on a SiO2/Si substrate. Graphene on SiO2/Si obtained by HOPG cleaving is shown 
in the inset for comparison. (e) AFM image of the region enclosed by the black square in panel (d). The blue (red) arrow corresponds to 
the pink (purple) region in panel (d). (f) Height measurements on the two positions indicated in panel (e). The blue (red) curve corresponds 
to the region identified by the blue (red) arrow in panel (e). The height distribution, measured by AFM images taken from the film edge in 
panel (d), is shown as an inset. (g) Optical image of a Ni film after the CVD process and with a graphene film on its surface. (h) Optical 
image of the same graphene film in panel (g) transferred to a SiO2/Si substrate showing a high density of large regions (1–20 µm) consisting 
of 1–2 layers of graphene (identified by the black arrows). These regions grow on the large Ni grains, identified by the arrows in panel (g). 
The morphology (shape and size) of graphene regions with constant thickness resemble the morphology of the Ni grains in panel (g). Color 
scale bar corresponds to panels (a) and (b). (For interpretation of the references in color in this figure legend, the reader can refer the web 
version of the reference.) http://pubs.acs.org/appl/literatum/publisher/achs/journals/content/nalefd/2009/nalefd.2009.9.issue-1/nl801827v/
production/images/large/nl-2008-01827v_0001.jpeg (Reprinted with permission from Reina, A. et al., Large area, few-layer graphene films 
on arbitrary substrates by chemical vapor deposition. Nano Letters, 9(1): p. 30–35. Copyright 2009 American Chemical Society.)
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Kim et al. [44] showed the large-scale pattern growth of 
graphene films on Ni substrate. They showed a simple method 
to grow and transfer high-quality stretchable graphene films 
on a large scale using CVD on nickel layers. The patterned 
films can be easily transferred to stretchable substrates by 
simple contact methods, and the number of graphene layers 
can be controlled by varying the thickness of the catalytic 
metals, the growth time, and/or the ultraviolet treatment time. 
Because the dimensions of the graphene films are limited 
simply by the size of the CVD growth chamber, scaling up 
can be readily achieved, and the outstanding optical, electri-
cal, and mechanical properties of the graphene films enable 
numerous applications, including use in large-scale flexible, 
stretchable, and foldable transparent electronics. The growth, 
etching, and transferring processes of the CVD-grown large-
scale graphene films are summarized in Figure 6.30.

The growth of graphene on nickel surfaces has also been 
demonstrated based on diffusion and segregation of carbon 
from underlying amorphous carbon or nano-diamond films 
[66,67]. Zheng et al. [66] reported the metal-catalyzed crystal-
lization of amorphous carbon to graphene by thermal anneal-
ing. This simple and efficient method to synthesize graphene 
layers via metal-catalyzed crystallization of amorphous car-
bon (aC) by thermal annealing is shown in Figure 6.31. In this 
process, the number of graphene layers is primarily depen-
dent on the initial thickness of the a-C layer, resulting in 
highly controllable graphene synthesis. The thickness of the 
precipitated graphene is directly controlled by the thickness 

(a) (b)

(d)(c)

1 μm

2 μm

20 μm

500 nm

30 nm30 nm

20 nm

FIGURE 6.28 The Ni surface morphology before the CVD 
growth of graphene. (a) AFM image of Ni surface after deposi-
tion, but before annealing. (b) Optical image of the Ni film after 
annealing under H2 environment before CVD synthesis. (c) AFM 
image of the Ni film surface after annealing, showing both the 
grains and grooves at the grain boundaries. (d) AFM image of the 
surface of a single grain showing the flat surface. (The source of 
the material Thiele, S. et al., Engineering polycrystalline Ni films, 
to improve thickness uniformity of the chemical-vapor-deposition-
grown graphene films. Nanotechnology, 2010, 21(1): p. 015601, is 
acknowledged.)
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of the initial amorphous carbon layer. This is in contrast to 
CVD processes, where the carbon source is virtually unlim-
ited and controlling the number of graphene layers depends 
on the tight control over a number of deposition parameters.

Garcia et  al. [67] showed multilayer graphene grown by 
precipitation upon cooling of a thin nickel film deposited by 
e-beam evaporation on single-crystal diamond (001)-oriented 
substrates. Nickel acts as a strong catalyst, inducing the dis-
solution of carbon from diamond into the metal. Carbon seg-
regation produces multilayers of graphene on the top surface.

The catalytic reaction of nickel on diamond enables the 
use of diamond as a carbon solid source for the fabrication of 
thin multilayer graphene films as shown in Figure 6.32. It is 

possible to combine this method with a molecular beam depo-
sition of carbon to enhance the quality of the graphene  layers. 
The multilayer graphene film reproduces the multigrain 
structure of the underlying nickel film. This new method for 
 graphene fabrication could easily be adapted for the growth of 
large-area layers. The use of other carbon-containing layers 
(i.e., diamond-like grown by CVD, molecular beam deposi-
tion (MBD) deposited layers, etc.) could make this method 
much more cost effective.

Nickel films have been shown to transform the underly-
ing carbon source to graphene at high temperature, forming 
bilayer graphene films directly on insulating substrates from 
polymers or self-assembled monolayers at low pressure condi-
tions [68] and FLG on SiO2/Si from self-assembled monolay-
ers at atmospheric pressure [69]. Yen et al. [68] demonstrated 
a general transfer-free method as shown in Figure  6.33 to 
directly grow large areas of uniform bilayer graphene on insu-
lating substrates (SiO2, h-BN, Si3N4, and Al2O3) from solid 
carbon sources such as films of poly(2-phenylpropyl) methylsi-
loxane, poly(methyl methacrylate) (PMMA),  polystyrene, and 
poly(acrylonitrile-co-butadiene-co-styrene). Alternatively, 
carbon feeds can be prepared from a self-assembled mono-
layer of butyltriethoxysilane atop a SiO2 layer. The carbon 
feed stocks were deposited on the insulating substrates and 
then capped with a layer of nickel. At 1000°C, under low 
pressure and a reducing atmosphere, the carbon source was 
transformed into a bilayer graphene film on the insulating 
substrates. The Ni layer was removed by dissolution, leaving 
the bilayer graphene directly on the insulator with no traces of 
polymer left from a transfer step.

Shin et  al. [69] also reported a facile synthesis method 
for transfer-free growth of FLG on a dielectric substrate by 
pyrolysis of a self-assembled monolayer of carbon materials 
squeezed between a catalytic metal and a substrate as shown 
in Figure 6.34. For the synthesis of self-assembled monolayer 
 materials on 300 nm SiO2/Si substrates, the substrate treated 
with piranha solution was dipped into a 10 mM precursor 
solution in hexane for 20 min and then baked at 120°C for 
20 min to crosslink it perfectly. A nickel layer of 300 nm 
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FIGURE 6.33 Bilayer graphene is derived from polymers or SAMs on SiO2/Si substrates by annealing the sample in an H2/Ar atmosphere 
at 1000°C for 15 min. (Reprinted with permission from Yan, Z. et al., Growth of bilayer graphene on insulating substrates. ACS Nano, 5(10): 
p. 8187–8192. Copyright 2011 American Chemical Society.)
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FIGURE 6.31 The process schematics for the metal-catalyzed 
crystallization of a-C to graphene by thermal annealing. (Reprinted 
with permission from Zheng, M. et  al., Metal-catalyzed crystalli-
zation of amorphous carbon to graphene. Applied Physics Letters,  
96(6): p. 063110-3. Copyright 2010, American Institute of Physics.)
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FIGURE 6.32 Schematics of the fabrication process. After anneal-
ing a layer of Ni on diamond at 800°C multilayer graphene precipi-
tates upon cooling on the surface. (Reprinted from Carbon, 49(3), 
García, J.M. et al., Multilayer graphene grown by precipitation upon 
cooling of nickel on diamond. p. 1006–1012, Copyright 2011, with 
permission from Elsevier.)
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was then deposited onto the surface of the self-assembled 
monolayer with an  electron beam evaporator. This film was 
moved into the chamber and Ar gas of 50 sccm was flowed at 
a pressure of 200 mTorr. The temperature was increased from 
room temperature to 900°C in 10 min and then maintained at 
900°C for 10 min under the same atmospheric pressure. The 
chamber was then cooled to 500°C for 10 min. After synthe-
sis, the substrate was dipped into Ni etchant (FeCl3) in order 
to etch away the Ni metal. When the Ni was completely etched 
away, the GS on the substrate was rinsed in deionized water 
several times to wash away etchant residues. The metal/self-
assembled monolayer/substrate structure provides advantages 
not only for the robust removal of the topmost catalyst after 
growth but also in preventing the self-assembled monolayer 
material from being evaporated at high temperature, which 
is crucial for high-quality graphene growth without creating 
additional defects, wrinkles, and tears.

6.2.4.4 Growth of Graphene on Copper Substrate
Copper has low carbon solubility and thus even at high tem-
peratures, graphene forms at the surface with negligible 
 carbon dissolution into the bulk. This enables a self-termi-
nating monolayer growth unlike, for example, on Ni where 
growth proceeds by carbon segregation from the bulk [70]. 
Graphene growth on Cu foils has been extensively studied 
using the CVD process [71]. Srivastava et al. [72] described 
the growth of monolayer graphene on copper foil using hex-
ane as the  liquid precursor. They reported that continuous 
graphene films were grown on 25-µm-thick Cu foils by the 

CVD technique using hexane as a liquid precursor. Cu foil 
was loaded in a quartz tube and pumped to 10−2 Torr before 
flowing in Ar/H2 at a pressure of ~8–9 Torr. The flow rate 
of hexane was ~4 mL h−1. A schematic of the CVD growth 
of graphene and its transfer process has been shown in 
Figure 6.35. Compared to the gaseous precursor (methane)-
based CVD synthesis reported on copper foils, good-quality 
growth using liquid precursors has been achieved at compara-
tively lower temperatures and higher pressures of Ar/H2.

The growth of graphene with average domain sizes of 
~140 µm2 has been reported by Li et al. [73] for a low-pressure 
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CVD using carefully controlled hydrocarbon exposures. They 
showed that graphene growth on Cu is a surface- mediated 
 process and the films were polycrystalline with domains 
having an area of tens of square micrometers as shown 
in Figure  6.36. A split tube furnace with gas panel having 
methane and hydrogen was used in a CVD mode to grow gra-
phene films on Cu. The 25-µm-thick Cu foil was first reduced 
and annealed at 1035°C under 2 sccm of H2 at a pressure of 
40 mTorr for 20 min to increase the Cu grain size and clean 
the Cu surface; the graphene growth temperature was changed 
to the desired value after the initial Cu cleaning and grain 
growth and a desired amount of methane was introduced into 
the growth tube; the methane partial pressure was controlled 
by either the methane flow rate or a ball valve between the 
quartz tube outlet and the pump; the growth time was varied 

accordingly; and the methane and hydrogen gas flow and 
pressure were kept constant, at the same values as the growth 
process, during the furnace cool-down. Methane exposure 
was kept low at the beginning of the process to reduce the 
number of graphene nucleation sites and then increased dur-
ing the reaction to promote continuous graphene coverage.

Lee et al. [74] and Luo et al. [75] reported that under ambi-
ent pressure conditions, graphene growth on large polycrys-
talline Cu films using methane as the carbon source occurs 
readily and is continuous across Cu grain boundaries [76]. 
For the production of graphene devices on a wafer scale, they 
developed a transfer method that can instantly etch metal lay-
ers. Developing scalable, high-throughput transfer methods of 
graphene films from as-grown rigid substrate to more useful, 
large-area flexible/stretchable substrates would realize the 
practical use of graphene transparent electrodes for optoelec-
tronic applications. Under specific conditions, predominately 
mono- and bilayer graphene is formed when Cu (700 nm) 
is deposited on SiO2/Si as shown in Figure 6.37 [74]. Luo 
et  al. developed an atmospheric pressure CVD method that 
is potentially more cost-effective and compatible with indus-
trial production than approaches based on synthesis under 
high vacuum. The surface morphology of the catalytic Cu 
substrate and the concentration of carbon feedstock gas were 
found to be crucial factors in determining the homogeneity 
and electronic transport properties of the final graphene film. 
When electro-polished Cu foils are used, 95% monolayer 
coverage can be obtained under low methane concentrations, 
while increasing the methane concentration leads to thicker 
graphitic regions as shown in Figure 6.38 [75]. Similarly, 
chemical mechanical polishing of Cu foils results in improved 
graphene films compared with unpolished samples. This can 
be attributed to the reduction in graphene nucleation sites on 
the smoother metal surfaces [77].

6.2.4.5 Growth of Graphene on Platinum Substrate
Sutter et al. [78] studied the growth of graphene on Pt (111) 
and the interaction between graphene and substrate (Pt). 
Graphene on platinum can be grown by carbon segregation 
from the bulk or by a self-limiting decomposition of hydro-
carbons at the surface. The interaction between monolayer 
graphene and the metal substrate is weak, causing the for-
mation of many rotational domains. The different rotational 
alignments between graphene and Pt (111) give rise to two 
distinct families of moiré structures with large and small unit 
cells, respectively. The growth rates of the two families of 
moiré structures show measurable differences, indicating that 
the growth kinetics is affected by the orientation of the initial 
graphene nuclei.

Gao et al. [79] reported graphene films grown by direct 
decomposition of ethylene at different temperatures and 
found that the best quality was at growth temperatures 
around 800 K as represented in the AFM image in Figure 
6.39. This optimum growth temperature was associated with 
a sparse nucleation of graphene at this temperature. It was 
found that the proportion of different rotational domains 
varies with the growth temperature and the graphene quality 
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FIGURE 6.36 (a) TEM brightfield image of monolayer graphene 
grown on Cu at a domain boundary, (b) mask-filtered image of (a), 
(c, d) FFT from area in white and black box, respectively, in (a), 
which show that the monolayer graphene has two different crystal 
orientations at each respective area, (e) FFT of the whole image in 
(a), which shows two sets of hexagonal FFT spots misoriented by 
approximately 18.5° from one another, and (f, g) high-resolution 
image cropped from white and black circled regions in (b), respec-
tively. (Reprinted with permission from Li, X. et al., Graphene films 
with large domain size by a two-step chemical vapor deposition pro-
cess. Nano Letters, 10(11): p. 4328–4334. Copyright 2010 American 
Chemical Society.)



99Synthesis Strategies for Graphene

can be improved by adjusting both the growth temperature 
and  ethylene exposure.

The growth of uniform monolayer and bilayer graphene 
films has been achieved by Kang et al. [80] using CVD on Pt 
substrate and methane as hydrocarbon source. Temperature 
was found to be an important factor for controlling graphene 
thickness, with thicker films (>5 layers) being produced at 
higher temperatures. A Pt film with a thickness of 100 nm was 
deposited by sputtering on a 300 nm SiO2/Si substrate. Then 
the sample was heated and annealed at 1050°C for 1 min. 
During the annealing, the flow rate of 10% H2/Ar was 1900 

sccm. The CVD-like graphene synthesis was carried out at a 
temperature range of 1050–1250°C for 10 min in a 10% CH4/
Ar ambient with a flow rate of 1900 sccm for carbon dissolution 
into Pt. Then the sample was cooled to room temperature with 
a cooling rate of 10°C s−1 for carbon segregation on the Pt sur-
face, resulting in the formation of graphene. Figure 6.40 shows 
the STM images of the sample annealed at 1050°C for 10 min.

Gao et al. [81] described the growth of graphene on mul-
tifaceted textured Pt foils synthesized by the CVD method 
as shown in Figure 6.41. They synthesized centimeter-scale 
uniform graphene on Pt foils. Of particular importance is that 
the Pt foils after CVD growth have a multifaceted texture, 
which allows us to explore the substrate crystallography effect 
on the growth rate and the continuity of graphene. Graphene 
grows mainly in registry with the symmetries of Pt (111), Pt 
(110), and Pt (100) facets, leading to hexagonal lattices and 
striped superstructures. Nevertheless, the carbon lattices on 
interweaving facets with different identities are connected 
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FIGURE 6.39 STM images of graphene grown on  Pt  (111). 
(Vs = 0.04 V, I = 1.5 nA). (a) For an exposure of 37.6 L at 1073 K, 
the domain size is small; (b) for an exposure of 37.6 L at 773 K, the 
domain size is much bigger than that in (a). (Reprinted with permis-
sion from Gao, M. et al., Epitaxial growth and structural property 
of graphene on Pt (111). Applied Physics Letters, 98(3): p. 033101-3. 
Copyright 2011, American Institute of Physics.)
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lithography. (Reprinted with permission from Lee, Y. et al., Wafer-scale synthesis and transfer of graphene films. Nano Letters, 10(2): p. 
490–493. Copyright 2010 American Chemical Society.)
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FIGURE 6.38 Optical images of (a, b) unpolished Cu foil and 
(c, d) CVD-graphene film grown on the Cu foil after transfer to an 
oxidized silicon substrate. (Reprinted with permission from Luo, Z. 
et al., Effect of substrate roughness and feedstock concentration on 
growth of wafer-scale graphene at atmospheric pressure. Chemistry 
of Materials, 23(6): p. 1441–1447. Copyright 2011 American 
Chemical Society.)
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seamlessly, which ensure graphene growth from nanometer 
to micrometer levels. Graphene uniformity is seen to alter 
with carbon exposure, forming irregularly shaped islands of 
bilayer graphene upon increasing growth time or flow rate of 
carbon sources.

6.2.4.6 Growth of Graphene on Gold Substrate
Oznuluer et  al. [48] described the ambient-pressure CVD 
growth of graphene on 25-µm-thick Au foils. They studied 
the effects of the growth temperature, pressure, and cooling 
process on the grown graphene layers. The partially (111) ori-
ented gold surfaces exposed to methane at 850–1050°C pro-
duce a high percentage of monolayer graphene. Temperature 
has a minimal effect on graphene thickness and defect con-
centration for this range, but higher temperatures resulted in 
the formation of highly defective multilayer graphene. Etching 
of the gold to allow film transfer is readily achieved using the 
commercial gold etchant TFA from Transene Co. Inc., which 
contains a KI–I2 complex.

Figure 6.42 shows the schematic representation of the 
preparation steps of gold foils, deposition, and transfer pro-
cess of the graphene layers on dielectric substrates. They used 

25-µm-thick gold foils obtained by pressing high-purity gold 
plates. The gold foils were annealed with a hydrogen flame 
for 20 min before use. Owing to the fast heating and cool-
ing rates, hydrogen flame annealing provides more complete 
crystallization of the gold foil than furnace annealing. The 
result of this treatment was a polycrystalline gold surface 
partially (111) oriented, with a roughness lower than a few 
nanometers. After the annealing step, the gold foil is placed 
in a quartz chamber and the chamber is flushed with Ar gas 
for 5 min. The foil is heated up to 975°C under Ar and H2 
flow, respectively. Methane gas with a rate of flow of 10 sccm 
is sent to the chamber for 10 min. They developed a transfer 
printing method for the transfer of graphene from the gold 
foil to insulating dielectric substrates. After the deposition, an 
elastomeric stamp polydimethylsiloxane (PDMS) is applied 
on the graphene-coated gold foil. The gold layer is etched 
by diluted gold etchant (type TFA, Transene Co. Inc.). After 
complete etching of the gold foil, the graphene layer on PDMS 
is applied on a 100 nm SiO2-coated silicon wafers. Peeling the 
PDMS releases the graphene on the dielectric surface.

Negishi et al. [82] described the LbL growth of graphene 
layers on graphene substrates by CVD. They demonstrated 
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FIGURE 6.40 STM images of the Pt samples after annealing in a 
10% CH4/Ar ambient at 1050°C. (a) Pt flat terrace separated by steps 
with a height of 6.8 Å, which corresponds to a Pt (111) triatomic step. 
Graphene covers Pt steps continuously. (b) Moiré superstructure 
with a periodicity of ~1.0 nm. The tip bias was 3 mV at 1.075 nA. 
(c) A superstructure with a (3 × 3) unit cell relative to the graphite 
lattice with a periodicity of 0.738 nm. The tip bias was 2.9 mV at 
1.275 nA. (d) Fourier transform of image in (c), displaying the gra-
phene lattice (0.246 nm), marked by white circles, and moiré super-
structure periodicity (0.738 nm), marked by rectangles. (Reprinted 
with permission from Kang, B.J. et al., Monolayer graphene growth 
on sputtered thin film platinum. Journal of Applied Physics, 106(10): 
p. 104309-6. Copyright 2009, American Institute of Physics.)
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FIGURE 6.41 SEM image of single-layer graphene grown on Pt 
foils (a, b). SEM images (c–e) show sequential growth of bilayer flakes 
with orthogonal and irregular boundaries on Pt domains (brighter 
SEM contrast). (f) Optical image of monolayer graphene trans-
ferred onto a 300-nm SiO2/Si substrate. (Reprinted with  permission 
from Gao, T. et  al., Growth and atomic-scale characterizations of 
graphene on multifaceted textured Pt foils prepared by chemical 
vapor deposition. ACS Nano, 5(11): p. 9194–9201. Copyright 2011 
American Chemical Society.)
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a synthesis of graphene layers on graphene templates pre-
pared by the mechanical exfoliation of graphite crystals using 
a developed CVD apparatus that has a furnace with three 
temperature zones and can regulate the temperatures sepa-
rately in each zone. CVD growth using multi-temperature 
zones provides wider temperature windows appropriate to 
grow graphene layers. Figure 6.43 compares typical optical 
microscope images from mechanical exfoliated graphene 
flakes before and after CVD growth under conventional con-
ditions with uniform furnace temperatures (800°C, 830°C, 
and 850°C). In the images observed (Figure 6.43b and e), the 
contrast between the graphene and substrate gets increased 
after CVD growth.

Nitrogen-doped graphene (NG) can also be synthesized 
using the CVD approach for substitutional doping by introduc-
ing gases, such as NH3, during the growth [83–85]. Nitrogen 
atoms can be doped into graphene layers as pyridinic, pyrrolic, 
and graphitic forms. Dai et al. [85] synthesized NG and used 
it in oxygen reduction in fuel cells where the NG electrode 
demonstrated a steady-state catalytic current to be calculated 
three times higher than the Pt/C electrode over a large poten-
tial range. The long-term stability, tolerance to crossover, and 
poison effect of the N-graphene electrode are also better than 
Pt/C for oxygen reduction in alkaline electrolyte. Ajayan et al. 
[84] reported that the CVD grown NG are suitable for revers-
ible discharge capacitance in lithium ion batteries is almost 
double compared to pristine graphene because of the surface 
defects induced by nitrogen doping.

Large-area growth of graphene using CVD on polycrystal-
line metal surfaces has been reported by Edwards et al. [86]. 
The growth of large-area graphene films requires large metal 
surfaces, which are generally prepared by sputter coating or 
electron beam evaporation of the desired metal. Metals can 
promote graphene formation by a surface growth mechanism, 
where the metal catalyzes the decomposition of a carbon feed-
stock promoting carbon fragmentation at the metal surface, 
or by segregation where carbon is absorbed in the metal at 
high temperature and then segregates to the surface-forming 
 graphene on cooling.

There are some other substrates for the growth of gra-
phene as reported by Van et al. [87] and Muller et al. [88]. 
They formed graphene on single crystalline Ir (111) films 
deposited on sapphire and yttria-stabilized zirconium oxide 
(YSZ) by pulsed laser deposition and electron beam evapo-
ration, respectively. On sapphire, high-quality monolayer 
graphene was grown via CVD of ethylene at 677°C under 
ultra-high vacuum (UHV) conditions and found to cover 
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FIGURE 6.43 Typical microscope images from mechanical exfo-
liated graphene flakes: (a)–(c) before and (d)–(f) after CVD growth 
with uniform furnace temperature. Inset scale bars are 10 µm. 
(Reprinted from Thin Solid Films, 519(19), Negishi, R. et  al., 
Layer-by-layer growth of graphene layers on graphene substrates by 
chemical vapor deposition, p. 6447–6452. Copyright 2011, with per-
mission from Elsevier.)
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FIGURE 6.42 Schematic representations of the steps of deposition and transfer process of graphene growth on gold film. (Reprinted with 
permission from Oznuluer, T. et al., Synthesis of graphene on gold. Applied Physics Letters, 98(18): p. 183101-3. Copyright 2011, American 
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>95% of the surface for 10 min carbon exposure. For YSZ, 
temperature-programmed growth of Ir (111) exposed to 
acetone, graphene formation begins around 327°C and pro-
ceeds to a well-ordered graphene monolayer upon heating 
to 727°C.

6.2.5 other methodS For SyntheSiS oF Graphene

6.2.5.1 Flame Synthesis
Menon et al. [89] described the synthesis of graphene films in 
an open atmosphere on different metal substrates using a mul-
tiple inverse-diffusion flame burner with methane as fuel. The 
substrate material, along with its temperature and hydrogen 
treatment, strongly impacts the quality and uniformity of the 
graphene films. The growth of FLG occurs in a temperature 
range of 750–950°C for copper and 600–850°C for nickel and 
cobalt. The unique synthesis configuration employed in this 
work is based on a multiple inverse-diffusion (non–premixed) 
flame burner, where the postflame species can be directed at a 
substrate (either vertical or horizontal) to grow graphene (see 
Figure 6.44). Each of the tiny diffusion flames is run in the 
inverse mode (“underventilated”), where for each flame, the 
oxidizer is in the center and fuel (e.g., methane) surrounds it.

As seen in the local contrasts within the field emission scan-
ning electron microscopy (FESEM) image (Figure  6.45c), 
the number of graphene layers across Ni varies. Figure 6.45d 
shows the formation of nonuniform layers at the grain bound-
aries of the underlying Ni. Graphene growth on Cu is not caused 
by the out-diffusion of carbon atoms, given that only a trivial 
amount of carbon is absorbed into bulk copper, but rather by 
the breakdown of the hydrocarbon gas on the surface. Once 
the copper surface is covered by graphene, the formation of 
any additional carbon structure is deactivated. Hence, Cu has 
proven to be especially effective in limiting the growth of 
graphene layers. A uniform graphene film on Cu is observed 
from the FESEM image (Figure 6.45a). Moreover, uniform 
growth occurs at the Cu grain boundaries. The additional 
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FIGURE 6.45 FESEM images comparing the growth of graphene on Cu and Ni. (a) Low-magnification image of graphene film on Cu. (b) 
High-magnification image of graphene film on Cu. (c) Low-magnification image of graphene film on Ni. (d) High-magnification image of 
graphene film on Ni. (Reprinted from Proceedings of the Combustion Institute, 34(2), Memon, N.K. et al., Role of substrate, temperature, 
and hydrogen on the flame synthesis of graphene films. p. 2163–2170. Copyright 2013, with permission from Elsevier.)
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FIGURE 6.44 Schematic diagram of experimental setup. Multiple 
inverse-diffusion flames provide hydrogen and carbon-rich species 
suitable for growth of graphene and other carbon nanomaterials on a 
substrate. (Reprinted from Proceedings of the Combustion Institute, 
34(2), Memon, N.K. et  al., Role of substrate, temperature, and 
hydrogen on the flame synthesis of graphene films. p. 2163–2170. 
Copyright 2013, with permission from Elsevier.)
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 layers formed on Ni seem to be confirmed by Figure 6.45c and 
d, which show darker areas where FLG has detached locally 
from the substrate, probably due to a combination of growth 
stresses and thermal expansion misfit stresses during cooling 
after deposition. These effects are dependent critically on film 
thickness; the fewer the layers, the less susceptible the film is 
to delamination.

Menon et al. [90] showed that the advantages of the specific 
flame synthesis method are scalability for large-area surface 
coverage, increased growth rates, high purity and yield, con-
tinuous processing, and reduced costs due to efficient use of 
fuel as both heat source and reagent. Additionally, by adjust-
ing local growth conditions, other carbon nanostructures (i.e., 
nanotubes) are readily synthesized. FLG films are grown on 
25-µm-thick Cu and Ni foils, placed downstream of our novel 
burner. A quartz cylinder encompasses the region of the multi-
ple flames and substrate, preventing oxidizer permeation from 
the ambient and directing optimal gas-phase conditions (i.e., 
species and temperature) to the substrate. Note that the setup 
is open to atmospheric conditions. Prior to FLG film synthe-
sis, metal substrates are reduced in a hydrogen environment 
to remove any oxide layers. This treatment is accomplished 
using the same multiple inverse-diffusion flame burner run-
ning only hydrogen as fuel at a globally rich equivalence ratio 
for 10 min. For FLG synthesis, CH4 is introduced into the fuel 
(with a global equivalence ratio of 3) for 5 and 10 min, for 
Ni and Cu substrates, respectively. A silica-coated 125 µm 
Pt/Pt-10% Rh thermocouple (S-type) measures the substrate 
temperature to be 950°C. The experiment is finalized by turn-
ing off the oxygen, which extinguishes the flame, while fuel 
and inert gases continue to flow, cooling the substrate to room 
temperature. A typical Raman spectrum of FLG grown on 
25-µm-thick Ni foil is shown in Figure 6.46a. The number of 
layers of graphene on nickel is estimated based on the loca-
tion of the 2D peak. With the 2D peak at 2720 cm−1, this shift 

corresponds with 5–10 layers of graphene. The G peak is at 
1583 cm−1, and a typical ID/IG ratio is 0.1, which is lower than 
that for the FLG grown on Cu. This result can be attributed 
to different growth mechanisms of graphene on Ni compared 
with that on Cu. Ni has higher carbon solubility, so the growth 
of graphene occurs due to carbon segregation or precipitation. 
This growth mechanism on Ni should be unaffected by the 
high carbon flux encountered in the flame. However, in the 
case of Cu, the high carbon flux may lead to smaller graphene 
domain size, and hence more measured disorder. An HRTEM 
image and the corresponding diffraction pattern are shown in 
Figure 6.46b. The hexagonal symmetry of multiple graphene 
layers can be inferred from the diffraction pattern, although 
specific stacking order of the layers requires additional analy-
sis. A magnified image of the well-ordered graphitic lattice is 
shown in the inset of Figure 6.46b.

6.2.5.2 Electrochemical Approaches
Liu et  al. [91] reported a mild, one-step electrochemical 
approach for the preparation of ionic-liquid-functionalized 
graphite sheets with the assistance of an ionic liquid and 
water. The experimental setup is shown in Figure 6.47. The 
ionic- liquid-treated graphite sheets were exfoliated into 
 functionalized graphene nanosheets without further deoxi-
dization, which were homogeneously distributed into polar 
aprotic solvents. Different types of ionic liquids and different 
ratios of the ionic liquid to water were used to see the influ-
ence on the electrical properties of the graphene nanosheets 
and polymer composites. They found that the graphene 
nanosheet/polystyrene composites synthesized by a liquid-
phase blend route exhibit a percolation threshold of 0.1 vol% 
for room- temperature electrical conductivity, and, at only 
4.19 vol%, this composite has a conductivity of 13.84 S m−1, 
which is 3–15 times that of polystyrene composites filled with 
single-walled carbon nanotubes (SWCNTs).
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FIGURE 6.46 Few-layer graphene film grown by flame synthesis on Ni. (a) Raman spectrum of the FLG on Ni. (b) HRTEM image of the 
FLG. The bottom right inset shows the electron diffraction pattern of the graphene sheet, illustrating the well-defined crystalline structure. 
The top left inset shows resolution-magnified image of the graphitic lattice. (Reprinted from Carbon, 49(15), Memon, N.K. et al., Flame 
synthesis of graphene films in open environments. p. 5064–5070. Copyright 2011, with permission from Elsevier.)
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Sun et al. [92] demonstrated a one-step method for the con-
trollable growth of both pristine and doped graphene using 
solid carbon sources. They showed that large-area, high- 
quality graphene with controllable thickness can be grown 
from different solid carbon sources such as polymer films or 
small molecules and deposited on a metal catalyst substrate at 
temperatures as low as 800°C. The growth of monolayer pris-
tine graphene from solid carbon sources atop metal catalysts 

is demonstrated (Figure 6.48a). The first solid carbon source 
used was a spin-coated PMMA thin film (~100 nm) and the 
metal catalyst substrate was a Cu film. At a temperature as low 
as 800°C or as high as 1000°C (tested limit) for 10 min, with a 
reductive gas flow (H2/Ar) and under low-pressure conditions, 
a single uniform layer of graphene was formed on the sub-
strate. The graphene material thus produced was successfully 
transferred to different substrates for further  characterization. 
They found that the thickness of PMMA-derived graphene 
can be controlled—to give a monolayer, a bilayer, or a few 
layers by changing the Ar and H2 gas flow rate.

6.2.5.3 Microwave Method
Dato et  al. [93] presented a novel method for synthesizing 
GSs in the gas phase using a substrate-free, atmospheric-
pressure microwave plasma reactor. GSs were synthesized by 
passing liquid ethanol droplets into argon plasma as shown 
in Figure 6.49. They showed that it is possible to synthesize 
single-layer and bilayer GSs without three-dimensional (3D) 
materials or substrates in the gas phase in a substrate-free 
environment.

Further, they investigated the effects of applied microwave 
power, gas flow rate, and precursor composition on the sub-
strate-free gas-phase synthesis of graphene [94]. Based on their 
findings, ethanol and dimethyl ether (DME) could have the 
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FIGURE 6.48 Synthetic protocol, spectroscopic analysis, and electrical properties of PMMA-derived graphene. (a) Monolayer graphene 
is derived from solid PMMA films on Cu substrates by heating in an H2/Ar atmosphere at 800°C or higher (up to 1000°C). (b) Raman spec-
trum (514 nm excitation) of monolayer PMMA-derived graphene obtained at 1000°C. (c) Room-temperature IDS–VG curve from a PMMA-
derived graphene-based back-gated FET device. Top inset: IDS–VDS characteristics as a function of VG; VG changes from 0 V (bottom) 
to 240 V (top). Bottom inset: SEM (JEOL-6500 microscope) image of this device where the PMMA-derived graphene is perpendicular 
to the Pt leads. IDS, drain–source current; VG, gate voltage; VDS, drain–source voltage. (d) SAED pattern of PMMA-derived graphene. 
(e–g) HRTEM images of PMMA-derived graphene films at increasing magnification. In (g), black arrows indicate Cu atoms. (Reprinted by 
permission from Macmillan Publishers Ltd. Nature, Sun, Z. et al., Growth of graphene from solid carbon sources. 468(7323): p. 549–552, 
copyright 2010.)
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FIGURE 6.47 Experimental setup diagram (left) and the exfolia-
tion of the graphite anode (right). (Liu, N. et al. One-step ionic- liquid-
assisted electrochemical synthesis of ionic- liquidfunctionalized 
 graphene sheets directly from graphite. Advanced Functional 
Materials. 2008. 18(10): p. 1518–1525. Copyright Wiley-VCH Verlag 
GmbH & Co. KGaA. Reproduced with permission.)
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ideal ratio of C, H, and O atoms for graphene synthesis. Also, 
precursors such as acetylene and benzene could be sent into 
the reactor to obtain graphene. Additionally, graphene could 
be created through the delivery of polycyclic aromatic hydro-
carbons (PAHs) into plasmas, such as naphthalene (C10H8), 
pyrene (C16H10), and coronene (C24H12). These PAHs could be 
mixed with other compounds, both organic and nonorganic, 
to synthesize GSs. The results indicated that GSs could be 
synthesized through the delivery of other alcohols, mixtures 
of various alcohols, oxygenated hydrocarbons and their mix-
tures, nonalcoholic substances, mixtures of oxygenated and 
nonoxygenated compounds, as well as other gaseous and solid 
organic compounds. The results of the experiments conducted 
in different experimental conditions and precursor composi-
tions have provided substantial insight into the substrate-free 
gas-phase synthesis of graphene as shown in Figure 6.50.

6.2.5.4 Solvothermal Method
Choucair et  al. [95] produced bulk graphene samples from 
nongraphitic precursors with a scalable, low-cost approach 
using a solvothermal method as shown in Figure 6.51. The 
chemical synthesis of carbon nanosheets in gram-scale quanti-
ties in a bottom-up approach based on the common laboratory 
reagents ethanol and sodium was performed. The reactants 
give an intermediate solid that is then pyrolized, yielding a 
fused array of GSs that are dispersed by mild sonication.

Herron et al. [96] used a simple, convenient, and scalable 
CVD method involving sodium ethoxide in ethanol to produce 
FLG sheets or platelets. The process has the advantage that it 
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FIGURE 6.50 Low-magnification TEM images of graphene sheets 
obtained through the delivery of ethanol at MFPs of (a) 450 W, (b) 
650 W, (c) 850 W, and (d) 1050 W. Scale bars: 100 nm. (The source 
of the material Dato, A. and M. Frenklach, Substrate-free micro-
wave synthesis of graphene: Experimental conditions and hydrocar-
bon precursors, New Journal of Physics, 2010, 12(12): p. 125013, is 
acknowledged.)
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FIGURE 6.49 Synthesis of graphene sheets. (a) Schematic of the atmospheric-pressure microwave plasma reactor used to synthesize 
graphene. (b) Photograph of graphene sheets dispersed in methanol. (c) A typical TEM image of graphene sheets freely suspended on a 
lacey carbon TEM grid. Homogeneous and featureless regions (indicated by arrows) indicate regions of monolayer graphene. Scale bar rep-
resents 100 nm. (Reprinted with permission from Dato, A. et al., Substrate-free gas-phase synthesis of graphene sheets. Nano Letters, 8(7): 
p. 2012–2016. Copyright 2008 American Chemical Society.)
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can be used to grow graphene films on non–metal- containing 
substrates such as silicon wafer and quartz glass and that all 
noncarbon by-products are soluble in water.

Deng et al. [97] also utilized the solvothermal method for 
a one-pot direct synthesis of gram-scale NG via the reaction 
of tetrachloromethane with lithium nitride under mild condi-
tions as shown in Figure 6.52. The nitrogen content in the 
graphene varies in the range of 4.5%–16.4%, which allows 
further modulation of the properties. The enhanced catalytic 
activity was also demonstrated in a fuel cell cathode oxygen 
reduction reaction with respect to pure graphene and com-
mercial carbon black XC-72. The resulting N-doped materials 
are expected to broaden the already widely explored potential 
applications for graphene.

Feng et  al. [98] used a low-temperature solvothermal 
method to synthesize NG in gram-scale quantities with a 
denotation process. Nitrogen substitution with an atomic 
ratio of N/C 12.5% was reported. The synthesized NG was 
demonstrated to act as a metal-free electrode with excellent 
 electrocatalytic activity and long-term operation stability for 
oxygen reduction via a combination of two-electron and four-
electron pathways, in the neutral phosphate buffer solution. 
The NG applied as the cathode catalyst of microbial fuel cells 
(MFCs) gives maximum power density, which was compa-
rable to that of the conventional platinum catalyst. Figure 6.53 
shows the SEM and TEM images of NG using the low-tem-
perature solvothermal method.

Geng et  al. [99] synthesized nanoflower-like, NG by 
a low-temperature solvothermal process. For large-scale 
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FIGURE 6.53 (a, b) SEM and TEM images of the synthesized NG. 
(c) A high-resolution TEM micrograph of NG. (d) Electron diffrac-
tion pattern of NG. (Reprinted with permission from Feng, L., Y. 
Chen, and L. Chen, Easy-to-operate and low-temperature synthesis 
of gram-scale nitrogen-doped graphene and its application as cath-
ode catalyst in microbial fuel cells. ACS Nano, 5(12): p. 9611–9618. 
Copyright 2011 American Chemical Society.)

FIGURE 6.51 Example of bulk quantity of graphene product. 
(Reprinted by permission from Macmillan Publishers Ltd. Nature 
Nanotechnology, Choucair, M., P. Thordarson, and J.A. Stride, 
Gram-scale production of graphene based on solvothermal synthesis 
and sonication. 4(1): p. 30–33, copyright 2008.)
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FIGURE 6.52 STM images of NG-2. (a) Isolated bilayer N-doped 
graphene and the black curve on top showing the height measurement 
across this bilayer. (b, c) High-resolution images with defects arranged 
in different configurations, measured at a bias = 0.5 V, current 
I = 53.4 pA, and bias = 0.9 V, I = 104 pA, respectively. (d) Simulated 
STM image for (c). The inserted schematic structures represent 
N-doping graphene, with the hexagons in gray balls highlighting the 
atomic network of graphene and deep black balls labeling N atoms. 
(Reprinted with permission from Deng, D. et  al., Toward N-doped 
graphene via solvothermal synthesis. Chemistry of Materials, 23(5): 
p. 1188–1193. Copyright 2011 American Chemical Society.)
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preparation of NG, pentachloropyridine as both the carbon 
source and the nitrogen source is reacted with potassium. An 
 electrochemical test showed that NG has a much higher dura-
bility as a Pt support for fuel cells than commercial carbon 
black (Vulcan XC-72).

6.2.5.5  Graphene Using Calcinations 
of Aluminum Sulfide

Kim et  al. [100] reported for the first time the synthesis of 
GSs by the reduction of carbon monoxide (CO). GSs were pre-
pared by the calcinations of aluminum sulfide (Al2S3) under 
a mixed gas flow of CO and argon. The reaction of CO with 
Al2S3 produced a-Al2O3 and GSs.

6.2.5.6 Graphene Using CO2 and Mg in Flame
Chakrabarti et al. [101] describe a new methodology that can 
be potentially scaled up in directly capturing CO2 to produce 
FLG as useful solid carbon materials. Although the exact 
mechanism of the formation of graphene was not provided, 
the high temperature generated during the burning of magne-
sium metal undoubtedly plays a crucial role.

Zhao et  al. [102] prepared GSs by the calcination of 
 calcium carbonate (CaCO3) with magnesium powder (Mg). 
By calcining the mixture of magnesium metal and calcium 
carbonate, they obtained large amounts of graphene of high 
purity at 850°C by this new green low-carbon technology. 
Besides GSs, the ultimate products CaO and MgO were also 
obtained after the reaction.

6.2.5.7 Graphene Using CNTs
Another method for the synthesis of graphene is the unzipping 
of CNTs to form nanoribbons. Kosynkin et al. [103] describe a 
simple solution-based oxidative process for producing a nearly 
100% yield of nanoribbon structures by lengthwise cutting and 
unraveling of multiwalled carbon nanotube (MWCNT) side 
walls. Figure 6.54 shows that the ribbon structures with high 
water solubility were obtained by subsequent chemical reduc-
tion of the nanoribbons from MWCNTs. The same unzipping 
process in SWCNTs was used to produce narrow nanoribbons, 
but their subsequent disentanglement is difficult to achieve.

Jiao et al. [104] developed controlled unzipping of CNTs 
to produce graphene nanoribbons (GNRs) by an Ar plasma 
etching method embedded in a polymer film. To remove a lon-
gitudinal strip of carbon atoms from the side walls of CNTs, 
they embedded MWCNTs (10–20 nm) in a PMMA layer as 
an etching mask (Figure 6.55). Pristine MWCNTs (diameter 
4–18 nm) synthesized by arc discharge were dispersed in a 1% 
surfactant solution by brief sonication and deposited onto a 
Si substrate. A 300-nm-thick film of PMMA was spin-coated 
on top of the MWCNTs. Single-, bi-, and multilayer GNRs 
and GNRs with inner CNT cores (Figure 6.55d through g) 
were produced depending on the diameter and number of lay-
ers of the starting MWCNT and the etching time. Finally, the 
PMMA film was removed using acetone vapor, and this was 
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FIGURE 6.54 Nanoribbon formation and imaging. (a) 
Representation of the gradual unzipping of one wall of a carbon 
nanotube to form a nanoribbon. Oxygenated sites are not shown. 
(b) The proposed chemical mechanism of nanotube unzipping. The 
manganate ester in 2 could also be protonated. (c) TEM images 
depicting the transformation of MWCNTs (left) into oxidized 
nanoribbons (right). The right-hand side of the ribbon is partly 
folded onto itself. The dark structures are part of the carbon imaging 
grid. (d) AFM images of partly stacked multiple short fragments of 
nanoribbons that were horizontally cut by tip-ultrasonic treatment 
of the original oxidation product to facilitate spin-casting onto the 
mica surface. The height data (inset) indicates that the ribbons are 
generally single layered. The two small images on the right show 
some other characteristic nanoribbons. (e) SEM image of a folded, 
4-mm-long single-layer nanoribbon on a silicon surface. (Reprinted 
by permission from Macmillan Publishers Ltd. Nature, Kosynkin, 
D.V. et al., Longitudinal unzipping of carbon nanotubes to form 
graphene nanoribbons. 458(7240): p. 872–876, copyright 2009.)
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followed by calcination at 300°C for 10 min to remove the 
polymer residue on the target substrate, leaving GNRs on the 
substrate (Figure 6.55h).

Xie et  al. [105] investigated the atomic structures and 
Raman spectroscopic and electrical transport properties of 
individual GNRs (widths 10–30 nm) derived from sonochem-
ical unzipping of MWCNTs derived by this method.

Kumar et  al. [106] explored a single-step method of 
unzipping MWCNTs by employing laser irradiation to pro-
duce GNRs without surface contamination. This method 
requires little time and does not use any acid or oxidizing 
agent, thereby yielding clean GNR samples. In order to carry 
out unzipping of MWCNTs, an excimer laser (100–500 mJ 
energy) was used. For this, a thin film of CNTS was made 
on quartz substrate. They also carried out laser irradiation of 
N- and B-doped MWCNTs with diameters in the 50–70 nm 
range prepared by CVD. Around 60% of the CNTs were 
unzipped by this method; the CNTs present on the surface of 
the film being preferentially unzipped.

Valentini et al. [107] reported the formation of short and 
unzipped SWCNTs through a facile and scalable plasma 
method. The approach consists of a CF4 RF plasma treatment 
of SWCNTs. It was demonstrated how through CF4 plasma 
treatments it is possible to obtain carbon-based nanostruc-
tures consisting of shorter and unzipped SWCNTs. Chemical 
microanalysis showed that fluorine atoms have been attached 
to the produced carbon nanostrips.

Cho et al. [108] fabricated graphene nanosheets by means 
of radial followed by longitudinal unzipping of crystalline 
MWCNTs grown by catalytic CVD, using a chemical method 

containing sulfuric acid and nitric acid. Consecutive unzip-
ping in the radial direction and then in the longitudinal direc-
tion of a nanotube was reported for the first time. The mixing 
ratio of H2SO4 and HNO3 and the treatment time were var-
ied, and the effect on the unzipping of the treated MWCNTs 
was investigated and the possible unzipping mechanism of 
the MWCNTs fabricated with the CCVD method was also 
proposed.

Kang et  al. [109] demonstrated unzipping of flattened 
CNTs by acid cutting along the folded edges to produce regu-
lar GNRs. The precise unzipping of flattened CNTs allows the 
formation of regular GNRs with controlled width and straight 
edges. This was achieved by the unzipping of  flattened 
 double-wall CNTs. The degree of unzipping and extent of 
oxidation were controlled by the acid concentration and reac-
tion temperature.

Higginbotham et al. [110] derived an improved method for 
the production of graphene oxide nanoribbons (GONRs) via 
longitudinal unzipping of MWCNTs. The method produces 
GONRs with fewer defects and/or holes on the basal plane, 
maintains narrow ribbons <100 nm wide, and maximizes the 
high aspect ratio. The new, optimized method, which intro-
duces a second, weaker acid into the system, improves the 
selectivity of the oxidative unzipping presumably by in situ 
protection of the vicinal diols formed on the basal plane of 
graphene during the oxidation, and thereby prevents their 
overoxidation and subsequent hole generation.

The different methods adopted for the synthesis of gra-
phene, substrates used, surfactants/reductants used, and the 
yield are summarized in Table 6.1.

6.3 CONCLUSION

Graphene, a strictly 2D material, despite its short history, 
has already revealed a cornucopia of new research areas in 
 physics and in potentially widespread applications. The fabri-
cation of perfect SLG in large quantity by a facile and simple 
approach is a great challenge and is going to be a profound 
requirement theoretically as well as from the application point 
of view given its versatile application in almost all relevant 
areas of materials science. This chapter covers the variety 
of methods developed so far, from the very basic method of 
mechanical cleavage of graphite used by Geim and other vari-
ous methods of synthesis to date, including the most common 
Hummers’/modified. This chapter is a summary of the sys-
tematic development or progress in the area of the synthesis 
of graphene. Various methods such as mechanical cleavage/
exfoliation, chemical exfoliation/reduction of  graphene oxide, 
and CVD on different substrates of Co, Fe, Ni, Cu, Pt, etc. 
have been discussed in detail. Besides, some other methods 
such as flame synthesis, electrochemical approaches, micro-
wave method, solvothermal method, unzipping of CNT, etc. 
have proved interesting methods for synthesis. These effec-
tive, facile, and large-quantity  synthesis approaches have 
definitely made the doors of scientific  attention and potential 
applications open wider.
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FIGURE 6.55 Making GNRs from CNTs. (a) A pristine MWCNT 
was used as the starting raw material. (b) The MWCNT was depos-
ited on a Si substrate and then coated with a PMMA film. (c) The 
PMMA–MWCNT film was peeled from the Si substrate, turned over, 
and then exposed to an Ar plasma. (d–g) Several possible products 
were generated after etching for different times: GNRs with CNT 
cores were obtained after etching for a short time t1 (d); tri-, bi-, and 
single-layer GNRs were produced after etching for times t2, t3, and 
t4, respectively (t4 ≥ t3 ≥ t2 ≥ t1; e–g). (h) The PMMA was removed 
to release the GNR. (Reprinted by permission from Macmillan 
Publishers Ltd. Nature, L. et al., Narrow graphene nanoribbons from 
carbon nanotubes. 458(7240): p. 877–880, copyright 2009.)
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TABLE 6.1
Synthesis of Graphene Using Various Routes

Method Adopted Substrate
Surfactant/Reducing 

Agents Quantity/Quality Reference

Mechanical exfoliation Few-layer graphene up to 10 µm in size [8]

Chemical exfoliation N-Methyl-pyrrolidone High-quality defect-free single-layer 
graphene

[12]

Sodium cholate Single-layer graphene and graphite with a 
few-layer graphene

[15]

Intercalation H2SO4 and HNO3 High-quality single-layer graphene sheets [19]

Chemical reduction of 
graphene oxide

Either NaBH4 or 
hydroquinone

Highly ordered graphitic carbon or 
crystalline graphite

[20]

Poly(sodium 
4-styrenesulfonate)

Graphitic nanoplatelets [21]

Chemical oxidation of 
graphite

Sulfuric acid, nitric acid, and 
potassium chlorate

Single sheets of functionalized graphene in 
bulk quantities

[22]

Hydrazine hydrate Thin graphene-based sheets [10]

Pyrene derivative, 
1-pyrenebutyrate

Graphene sheets [23]

Hydrazine [24]

NaNO3 and KMnO4 in 
concentrated H2SO4

Single-layer graphene oxide [25]

Sodium nitrate, sulfuric acid, 
and potassium 
permanganate

Sulfonated graphene [27]

Deoxygenation in strong 
alkali solutions

Graphene [29]

Noncovalent functionalization of graphene [30]

Graphene nanosheets [31]

Formic acid Graphite nanoplatelets and graphene sheets [32]

Graphene with oxygen-containing 
functional groups

[35]

Few-layer graphenes in gram scale [36]

Thermal reduction
CVD synthesis

Propylene carbonate [37]

Copper (111) [40–43]

Nickel (111) Large-scale pattern growth of graphene [44]

Cobalt (0001) [45]

Iron [46, 47]

Gold (111) [48]

Ruthenium [49–51]

Iridium (111) [52]

Platinum [53]

Palladium [54]

Rhenium (0001) and 
rhodium (111)

[55]

Ni–Mo alloy Single-layer graphene [56]

Polycrystalline Co film 1–5 layer graphene [59]

Fe substrate Multilayer graphene [46]

Ni substrate Few-layer graphene [60]

Ni substrates 1 to ~12 graphene layers [61]

Single-crystal Ni (111) and 
polycrystalline Ni substrates

Large grain sizes of graphene film [62]

Ni-coated SiO2/Si substrates Few-layer graphene [63]

Poly-Ni-substrate Few-layer graphene with minimal defects [64]

Polycrystalline Ni surfaces Large-area single- and bilayer graphene [65]

(Continued )
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7 Atomic-Scale Exfoliation and 
Adhesion of Nanocarbon

Kouji Miura, Makoto Ishikawa, Masaya Ichikawa, and Naruo Sasaki

ABSTRACT

Exfoliation and adhesion are ordinary daily phenomena. 
However, these exhibit irregular behaviors on the atomic- and 
molecular scale. In this chapter, we introduce the concept that 
a carbon nanotube and a graphene exhibit atomic-scale move-
ments on a graphite substrate, in which stick-slip sliding occurs 
at the atomic scale while maintaining AB-stacking registry 
with the graphite substrate. It is expected that the study on exfo-
liation and adhesion provides the control of friction, a stronger 
adhesion, and an easier exfoliation than those of a gecko foot 
and applications for the nanomachine and biomolecular motor.

7.1  SCIENTIFIC APPROACH TOWARD 
ATOMIC-SCALE EXFOLIATION 
AND ADHESION

Exfoliation is an ordinary daily phenomenon.1–3 Detachment 
and exfoliation experiments are expected to provide informa-
tion on the adhesion forces and energies of solid surfaces that 
are in contact with each other.4,5 However, it was not easy to 
scientifically solve exfoliation and fracture, because we could 
not approach them at the atomic scale. On the other hand, 
developments of adhesive materials that easily provide exfoli-
ation are desirable from the ecological point of view. Recently, 
it has been reported that carbon nanotube (CNT) arrays with 
curved entangled tops exhibit a macroscopic adhesive force 
of approximately 100 N/cm2, almost 10 times as large as that 
of a gecko foot, and a shear force much stronger than normal 
adhesion force.1,2 It is well known that a gecko sticks on a 
wall and can walk easily on it. However, until now, it was not 
known that the origin of the sticking force comes from van der 
Waals force acting between many setae on gecko’s feet and a 
wall. It is now interesting to note that a decrease of exfoliation 
and adhesion forces is closely related to low frictional force 
and leads to a realization of the nanomachine or biomolecular 
motor. Therefore, we focus our attention on the elementary 

processes involved in the exfoliation of a CNT and a graphene 
on a substrate, and perform exfoliation experiments using a 
CNT and a graphene.

7.2  SINGLE MOLECULE FORCE 
MICROSCOPY OF CNT

We use a self-detecting cantilever (NPX1CTP003, SII) as a 
force sensor.2 The system has a three-dimensional inertial-
driven actuator (UNISOKU Co., Ltd.) as a sample stage. 
Thus, the base plate can be set on the conventional stage of 
a scanning electron microscope (SEM) (S-3000N, Hitachi, 
base pressure of 2 × 10−3 Pa), instead of the normal sample 
holder. The sample stage is controlled by a computer via an 
A/D, D/A-compatible board. SEM images can be recorded 
as a movie using a video recorder. Because the resolution of 
A/D is 10 mV, the maximum resolution of the force sensor is 
approximately 0.1 nN. The fabrication of a multiwalled car-
bon nanotube (MWCNT)-attached probe is performed in the 
SEM chamber. First, using the chemically etched metal probe 
that is fixed on the actuator, an MWCNT is pulled out from 
as-prepared MWCNT powder on the opposite support. Then, 
the MWCNT on the metal probe is moved toward the tip of a 
cantilever using an actuator. When an electron beam is irradi-
ated around the contact junction between the MWCNT and the 
cantilever tip, the hydrocarbon is piled there and it works as a 
glue. Finally, when the metal probe is quickly withdrawn, the 
MWCNT is attached parallel to the cantilever. The handling 
of an MWCNT has been developed through improvements 
in the instruments described in previous reports.6,7 Once the 
MWCNT has been sufficiently approached to the substrate 
surface using a coarse motion, the control was changed from 
coarse motion to fine motion. The adhesion and exfoliation 
experiments were repeated using fine motion.

Figure 7.1a shows the vertical force–distance curve using 
a 400-nm-long MWCNT, where the black and gray lines rep-
resent adhesion and exfoliation, respectively. Several frames 
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in the movie recorded during the adhesion and exfoliation are 
shown in Figure 7.1b.8

Figure 7.1c shows the illustrations of the conformational 
configuration of the MWCNT during the exfoliation shown 
in Figure 7.1b. The white reversed triangle and white bar on 
the upper side and the horizon on the bottom of each pic-
ture in Figure 7.1b represent the tip of the cantilever, the 
MWCNT attached to the tip apex, and the graphite surface, 
respectively. At first, the MWCNT takes an initial structure 
parallel to the graphite substrate surface. When the tip fur-
ther approaches the graphite surface, the MWCNT attached 
to the tip apex comes into contact with the graphite surface 
(point A in Figure 7.1a). When the tip presses the graphite 
surface further, the latter deforms downward with increas-
ing repulsive force. When the exfoliation begins (gray line), 
the vertical force Fz rapidly decreases while holding the line 
contact between the MWCNT and the graphite surface. As 
the MWCNT is peeled further from the graphite surface, the 
transition of the MWCNT shape occurs, which causes the 
first discontinuous jump (J1) in the Fzcurve. Just after the dis-
continuous jump J1, the point contact between the MWCNT 
and the graphite surface is formed. Frames D and E show the 
point contact formed between the free edge of the MWCNT 
and the graphite surface. Here, the free edge is pushed onto 
the graphite surface and atoms on the free edge receive repul-
sive interaction forces.9–12 As the MWCNT is peeled further, 
the free edge of the MWCNT slides on the graphite sur-
face with increasing bending of the MWCNT in the period 
between J1 and J2. The further retraction of the MWCNT 

from the surface decreases the repulsive force acting on 
atoms on the free edge and a relative increase in the effect 
of the attractive interaction force as shown in Figure 7.1a.9–12 
Now, when the bending of the MWCNT becomes larger than 
a certain range, the point contact breaks and the MWCNT 
is completely peeled from the surface, which makes the last 
discontinuous jump in the force curve (J2). When the second 
discontinuous jump (J2) occurs, the edge of the MWCNT is 
completely retracted from the graphite surface. Frames E and 
F show the images before and after the second discontinuous 
jump (J2), respectively. After the MWCNT is moved upward 
further, the MWCNT takes an original line shape parallel to 
the graphite surface because the effect of the van der Waals 
interaction from the surface becomes negligibly small and Fz 
gradually becomes zero.

Figure 7.2 shows how the vertical force–distance curve 
depends on the length of the MWCNT. Figure 7.3a is the ver-
tical force–distance curve obtained with the 400-nm-long 
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MWCNT, which is the same as the curve shown in Figure 7.2b. 
Figure 7.2b and c show the vertical force–distance curves 
of the MWCNTs with lengths of 660 and 2380 nm, respec-
tively. The black and gray lines in each figure represent the 
force during the adhesion and exfoliation, respectively. In 
the approach shown in Figure 7.2b, small stick-slip behaviors 
appear at the region between B and C after the sudden line 
contact at A during the adhesion. Small stick-slip behaviors 
are also observed in the slope between C and D during the 
exfoliation, which exhibits a nanoscale intermittent adhesion 
and exfoliation without sliding. The discontinuous jump D–E 
in the exfoliation shown in Figure 7.2b shows a conforma-
tional transition of the MWCNT. In the slope between E and 
F, a point contact between the MWCNT and the graphite sur-
face is formed. For a 2380-nm-long MWCNT (Figure 7.2c), 
the vertical force–distance curve becomes more complex and 
the number of discontinuous jumps increases, which exhibits 
a mesoscale intermittent exfoliation. Small stick-slip behav-
iors are also observed at the slopes, which exhibit a nanoscale 
intermittent exfoliation without sliding. At the discontinuous 
jump E–D, the MWCNT bends upward and performs a con-
formational transition. In the slope between E and F, the point 
contact between an MWCNT edge and the graphite is formed 
with sliding.

Here, it should be noted that both the mesoscale and 
nanoscale adhesions appear in the vertical force–distance 
curve during the adhesion. This feature resembles that of the 
force–distance curve during the exfoliation, which indicates 
that a part of the MWCNT comes into a sudden line con-
tact with the graphite surface during the approach. It is also 
revealed in this experiment that as the length of the MWCNT 
attached to the tip apex increases, the number of discontinu-
ous jumps due to the mesoscale intermittent adhesion and 
exfoliation also increases; moreover, the nanoscale intermit-
tent adhesion and exfoliation appear. This is because the long 
nanotube behaves like a soft spring, as shown in the simula-
tion.9–12 Namely, as the nanotube length increases, the contact 
time between a nanotube and a substrate during exfoliation 
also increases and thus, a large bending induces a large exfo-
liation. Interestingly, it is found that the elastic bending fea-
ture of the MWCNT as a nanospring appears in the vertical 
force–distance curve. Thus, the use of a much softer nanotube 
is expected to result in a much smaller intermittent adhesion 
and exfoliation than those of the nanoscale one. Furthermore, 
the effect of the exfoliation velocity on the exfoliation force is 
investigated. In the force–distance measurement, the external 
force f is added to the MWCNT to peel it off the substrate. 
Thus, the energy barrier height for bonds formed between the 
MWCNT and substrate is lowered by fxβ with the external 
force f, where xβ means the effective distance of the potential 
barrier from the minimum point needed to break the bond, as 
illustrated in Figure 7.3k. Then, the lifetime for the bond is 
expressed as follows2,3:
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where kB, T, and τ(0) mean the Boltzmann constant, the tem-
perature, and the natural lifetime, respectively. If the external 
force f is applied with a constant loading rate vf as a function 
of time t in the force–distance measurement, then, f(t) = vf t. 
Since the lifetime τ( f) is the inverse of the rate of dissociation, 
the probability of the existing bonds, S is given as follows:
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The probability P( f) that the bond breaks if the external 
force f acts on it is given by −dS/df
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If dP/df = 0, the most probable exfoliation force f* is given 
as follows by Evans et al.3:
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Now, the exfoliation velocities are set as 10–1000 nm/s. 
The nanoscale intermittent behaviors for the MWCNTs with 
lengths of 660 and 2380 nm, depend strongly on the exfolia-
tion velocities as shown in Figure 7.3e. Since the exfoliation 
is a stochastic process, it is possible that the most probable 
nanoscale-intermittent exfoliation force, f*, is given as a func-
tion of the loading rate, vf, obtained from the peak of the his-
togram of the exfoliation force f* specified by the Gaussian 
distribution,3,5 which is taken from peak heights from the 
straight line (see the line S in Figure 7.2b) keeping a constant 
loading rate. Since it is clearly shown that f* is linearly related 
to the logarithm of the loading rate, vf , the obtained vf  – f* 
relation can be fitted to the logarithmic relation of Equation 
7.5 obtained by Evans et al.3 xβ and τ(0) have been estimated 
to be 0.21 nm and 0.49 s from the slope and the x intersection 
of the fitting line as shown in Figure 7.3e, respectively. The 
order of magnitude of the position of the potential barrier, xβ, 
is comparable to that of the atomic-scale distance between the 
neighboring stable AB-stacking positions within x–y plane. 
Here, the AB-stacking registry formed between a graphite 
flake and a graphite substrate surface is considered.13,14 This 
indicates that the exfoliation of the MWCNT starts when 
the outermost graphene sheet of the MWCNT goes over the 
potential barrier of the AB-stacking registry with the graphite 
substrate surface, as depicted in the lower part of Figure 7.3f. 

Thus, the nanoscale intermittent behaviors occur due to the 
atomic-scale stochastic sliding of the MWCNT activated ther-
mally within the x–y plane on the graphite substrate, which 
appears in the vertical force curve as shown in Figure 7.2b 
and c.

However, it was found that the pull-off forces in the vertical 
force–distance curve in all the MWCNTs depend weakly on 
the exfoliation velocities. Figure 7.3c shows xβ = 0.13 nm and 
τ(0) = 1.8 × 1010 s for the 400-nm-long MWCNT. Similarly 
Figure 7.3i exhibits xβ = 0.52 nm and τ(0) = 2.2 × 105 s for 
the 660-nm-long MWCNT. This indicates that the shorter 
MWCNT requires a larger force to pull off the graphite sub-
strate than the longer MWCNT. In either case, it is difficult 
to pull MWCNTs off the graphite substrate without a lifting 
force because a natural lifetime τ(0) is infinitely large. On the 
other hand, the mesoscale intermittent forces of the confor-
mational transition for a 400-nm-long MWCNT, 660-nm-long 
MWCNT, and 2380-nm-long MWCNT are almost constant 
(Figure 7.3a and g) or slightly decrease with an increase in 
the loading rate, which indicates that the barrier position xβ 
of the conformational transition is at least on the order of an 
MWCNT length and then, the slope kBT/xβ in Equation 7.5 
nearly goes to zero. Here, it should also be noted that the con-
formational transition occurs within the x–z plane.

To investigate the effect of the substrate on the adhesion 
and exfoliation behaviors of an MWCNT, the vertical force–
distance curve was measured for graphite, mica, and NaCl 
(001) surfaces, as shown in Figure 7.4. First, it was found 
that the pull-off forces of an MWCNT edge on the substrate 
corresponding to the final jumps are 2.2, 1.8, and 1.9 nN for 
graphite, mica, and NaCl(001), respectively, which shows 
that the interaction strength between an MWCNT edge and 
a substrate is the strongest for the graphite surface and com-
parable for the mica and NaCl(001) surfaces. In the vertical 
force–distance curve of the graphite surface, the number of 
discontinuous jumps corresponding to the mesoscale-inter-
mittent exfoliation increases, which is not observed for the 
mica and NaCl(001) surfaces. This is because, as the interac-
tion strength between the MWCNT and the substrate surface 
increases, the contact time between them during the exfolia-
tion becomes longer and thus, a large bending induces a large 
exfoliation. It is thus interesting to note that the features of the 
vertical force–distance curve in case of the strong interaction 
between an MWCNT and a substrate resemble those in the 
case of the soft MWCNT.

Furthermore, to investigate the effect of adsorbates on the 
adhesion and exfoliation mechanisms, we have performed 
experiments on the vertical force–distance curve under ambi-
ent conditions. The vertical force–distance curve with the 
characteristic hysteresis loop obtained under ambient condi-
tions was almost the same as that obtained using an SEM, 
which indicates that humidity and ambient gases do not 
strongly affect the main feature of the vertical force–distance 
curve. In this chapter, adhesion and exfoliation experiments 
on the MWCNT have been performed. We have experimen-
tally obtained the vertical force–distance curve with the char-
acteristic hysteresis loop, which exhibits multistable states 
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between the line contact and point contact of the MWCNT 
shape during the adhesion and exfoliation. The line and 
point contacts are clearly divided by the discrete jump that 
appeared in the vertical force–distance curve, which shows 
the nanoscale elastic property of the MWCNT. The adhesion 
and exfoliation behaviors of the MWCNT reveal hierarchical 
structures (or fractal structures) from the nanoscale intermit-
tent to the mesoscale-intermittent adhesion and exfoliation. 
The nanoscale-intermittent behaviors depend strongly on 
the adhesion and exfoliation velocities, which reveal that the 
exfoliation occurs when an MWCNT goes over the poten-
tial barrier of the neighboring AB-stacking registry with the 
graphite substrate surface. On the other hand, the most prob-
able pull-off forces depend weakly on the exfoliation veloci-
ties, which indicate that it is difficult to pull MWCNTs off the 
graphite substrate without a finite lifting force. Furthermore, 
the mesoscale-intermittent forces of the conformational tran-
sition indicate that the barrier position of the conformational 
transition is at least on the order of an MWCNT length.

7.3  SINGLE MOLECULE FORCE MICROSCOPY 
OF SINGLE-LAYER GRAPHENE

First, we discuss the preparation of a single-layer graphene 
(SL-graphene) and a graphene tip. Graphene films were pre-
pared by the mechanical exfoliation (repeated exfoliation) of 

highly oriented pyrolytic graphite.13 Figure 7.5a shows an opti-
cal microscopy image of a relatively large multilayer graphene 
(ML-graphene) on top of an oxidized Si wafer that locally 
includes an SL-graphene. The position of the SL-graphene on 
the oxidized Si wafer was estimated from the shape of the 
G’ band of Raman spectroscopy,14 as shown in Figure 7.5b, 
because atomic force microscopy (AFM) was not sufficient 
for identifying the SL-graphene on the oxidized Si wafer. The 
thickness of the SL-graphene on the oxidized Si wafer was 
estimated to be approximately 0.8 nm using AFM, corre-
sponding to the height difference between X and Y at the bot-
tom of Figure 7.5c, although the thickness of the SL-graphene 
on another SL-graphene (or an ML-graphene) was estimated 
to be approximately 0.3 nm, corresponding to the height dif-
ference between Y and Z, because the force between the gra-
phene and the oxidized Si wafer is different from that between 
the graphenes.15 Here, a glass sphere (diameter: 40 µm) with 
a two-component epoxy resin adhesive was used to bond the 
SL- or ML-graphenes on the oxidized Si wafer to the AFM 
tip. We call this a graphene tip. The junction formed between 
the AFM tip and the graphene is sufficiently mechanically 
rigid to measure the elasticity of the SL- or ML-graphene dur-
ing the exfoliation process. Figure 7.5d shows an SEM image 
of the ML-graphene tip. We set the graphene tip on the AFM 
instrument under ambient conditions and obtained the verti-
cal force–distance curve. Figure 7.5e depicts a schematic of 
the exfoliation experiment.

Figure 7.6a shows the vertical force–distance curve 
obtained using the SL-graphene, where the black and gray 
curves represent adhesion and exfoliation, respectively. In 
the local area C, which includes area B and is shown in the 
inset, the experimentally obtained vertical force Fz is in 
excellent agreement with that obtained by simulation.12,16 
Thus, we can clarify the conformational changes of the 
SL-graphene during the exfoliation process from the experi-
mentally obtained vertical force–distance curve by compar-
ing it with the simulated curve. Initially, the SL-graphene 
sheet takes a planar structure parallel to the rigid graphite 
surface, and the vertical force Fz is zero (S1), which means 
that the surface of the graphene sheet is in stable contact 
with the graphite surface. When the SL-graphene sheet 
approaches the graphite surface, it comes into contact with 
the graphite surface (S2), which suddenly arises from the van 
der Waals forces acting between the SL-graphene sheet and 
the graphite surface. When the SL-graphene sheet presses 
against the graphite surface, the graphite surface deforms 
downward owing to an increase in the repulsive force (S3). 
When the exfoliation begins (gray line), the vertical force 
Fz rapidly decreases while contact is maintained between 
the surface of the SL-graphene and the graphite substrate 
(S4). After that, the surface-contact area gradually decreases 
as the exfoliation proceeds, during which step structures 
appear in the curve (S5). The attractive interaction force is 
the greatest near point S6. After the surface contact vanishes, 
line contact appears around area B (S7), as shown in the inset 
of Figure 7.6a. After that, the free edge slides on the sur-
face until the graphene sheet takes a planar structure within 
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the y–z plane. The attractive interaction force increases to 
take a maximum value (see point S8 in the inset), and then 
decreases to zero with the completion of exfoliation. The 
pull-off force was estimated to be approximately 20 nN.

Figure 7.6b shows the vertical force–distance curve 
obtained using a 50-nm-thick graphite flake, where the black 
and gray curves represent adhesion and exfoliation, respec-
tively. Unlike the SL-graphene sheet, the atomic-scale exfo-
liation structures disappear and submicroscale stepwise 
exfoliation structures arising from a large sliding of the 

graphite flake appear, which resemble those observed dur-
ing the exfoliation of CNTs.2,17 This means that an increase 
in thickness increases the rigidity of a graphite flake, lead-
ing to a lower spatial resolution of exfoliation. It is interesting 
that the exfoliation structure produces hierarchical features 
ranging from atomic scale to submicroscale as the thickness 
increases.

Figure 7.7 shows the atomic-scale vertical force (exfo-
liation force) Fz in surface-contact regions A and B in 
Figure 7.6a. These two local areas represent surface-contact 
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areas distant from and near the line-contact area (see the inset 
in Figure 7.6a), respectively. For the surface-contact region in 
Figure 7.6a, the vertical force Fz exhibits atomic-scale struc-
tures. The period of the structures in area A, ΔZA ≅ 0.7 nm, is 
larger than that in area B, ΔZB ≅ 0.2 nm. Similarly, the ampli-

tude of the vertical force Fz in area A, ∆Fz
A , is larger than that 

in area B, ∆Fz
B. Thus, as the exfoliation proceeds, the period 

and amplitude of the stick-slip structures in the surface-con-
tact region decrease from 0.7 to 0.2 nm and from 8 to 5 nN, 
respectively.

These decreases in ΔZ and ΔFz can be explained as fol-
lows. The exfoliation process induces an increase in the 
peeled area of the SL-graphene and a decrease in the sur-
face-contact area. Therefore, the surface-contact area in 
area A is clearly much larger than that in area B, as shown 
in the lower part of Figure 7.7. Considering the peeled area 
of the SL-graphene as a spring, the increase in the peeled 
area makes the spring softer, and the decrease in the sur-
face-contact area decreases the energy barrier that must be 
overcome to slide the SL-graphene,12,16 which results in the 
decreases in the period ΔZ and amplitude ΔFz in the vertical 
force curve.

In addition, as the graphene spring becomes softer, the 
bending angle θ between the peeled graphene sheet and the 
graphite surface increases. Therefore, the exfoliation length 
ΔZ along the +z-direction becomes closer to the sliding length 
ΔX along the −x-direction in the surface-contact region as the 
exfoliation proceeds. Thus, ΔZ is much larger than ΔX in area 
A, although ΔZ is nearly equal to ΔX in area B.

Figure 7.8a and b show the sliding force Fx and lateral 
force Fy in the surface-contact region B at the atomic scale, 
where Fx is calculated by subtracting the background force 
(which is the smoothed vertical force without the stick-slip 
structures) from the inverse of the vertical force −Fz, because 
the behavior of Fx is qualitatively the same as that of the 
vertical force Fz as a function of the exfoliation height ΔZ. 
Therefore, the exfoliation force curve directly reflects the 
atomic-scale sliding force Fx. In the surface-contact region, 
both the sliding force Fx (Figure 7.8a) and the lateral force Fy 
perpendicular to the sliding direction (Figure 7.8b) exhibit 
atomic-scale stick-slip structures. Interestingly, Fx and Fy 
are completely synchronized. Note that Fx and Fy are func-
tions of z; that is, Fx(z) and Fy(z), respectively. The important 
point is that the period of the sliding force curve Fx(z) for the 
surface-contact area B of approximately 0.2 nm is similar to 
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the lattice spacing of the graphite surface along the [ ]1230  
direction of 0.25 nm, as shown in the lower part of Figure 
7.8a. This indicates that the SL-graphene initially slides over 
the nearest-neighboring AB-stacking sites of the graphite 
substrate. Shortly before slipping, the SL-graphene deviates 
considerably from the stable AB-stacking sites, which deter-
mine the width of the sticking regions.18 Then, it discretely 
jumps or slips to the neighboring AB-stacking site. The tra-
jectories of the SL-graphene exhibit discrete zigzag paths 
connecting nearest-neighboring AB-stacking sites, as illus-
trated in the lower part of Figure 7.8a. In the [1010] direc-
tion, linear stick-slip motion occurs (see Figure 7.8b). In this 
case, the sliding force curve Fx(z) exhibits stick-slip struc-
tures, although the lateral force Fy(z) varies slightly, and the 
linear sliding motion exhibits a periodicity of approximately 
0.4 nm, similar to the lattice spacing along the [1010] direc-
tion of 0.44 nm. Although substicking regions appear in the 
simulated lateral force curves Fx(z) and Fy(z), as shown in the 
simulation,12,16 they do not appear in the experimental force 
curves (Figure 7.8a and b), because the substicking signals in 
the experiment are so weak that their peaks are comparable 
to the noise level.

It was found that the amplitude of the sliding force curve 
Fx(z) at the atomic scale in the surface-contact region B exhib-
its a periodicity that depends on the lattice orientation of the 
surface.18−20 The amplitude of Fx(z) also depends on the lat-
tice orientation of the surface. Interestingly, such atomic-scale 
behavior of the exfoliation force Fz(z) is strongly affected by 
that of Fx(z) at the interface between the graphene and the 
graphite surface.18−20

7.4  SUMMARY

The adhesion and peeling of an MWCNT on a substrate have 
been studied. Nanoscale and mesoscale-intermittent adhesion 
and peeling, and a conformational transition of an MWCNT 
appear in the vertical force–distance curve, which depends 
strongly on the length of the MWCNT, substrate, and veloci-
ties of adhesion and peeling. The elastic bending feature of 
the MWCNT as a nanospring appears during the adhesion 
and peeling. Furthermore, the atomic-scale exfoliation of an 
SL-graphene has been experimentally observed. This tech-
nique will be applicable not only to material science but also 
to molecular biology because this system makes it possible to 
analyze the physical properties of a cell, protein molecules, 
and deoxyribonucleic acid (DNA). These results could also 
provide information on the mechanisms of how to make an 
adhesion and how a gecko performs, and could be used to pro-
pose a guiding principle for designing the artificial superad-
hesive system beyond a gecko foot. When such a relationship 
between the vertical force and sliding force can be applied 
to adhesives, these results may provide information on how 
to make novel adhesives and how a gecko sticks to a wall. 
Finally, note that the exfoliation process discussed here is 
closely related to the atomic-scale wear21 and superlubricity 
of graphite.21
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8 Fabrication and Applications 
of Biocompatible Graphene 
Oxide and Graphene

Qiang Yang and Xuejun Pan

ABSTRACT

Biocompatibility is the prerequisite to apply graphene oxide 
(GO) and reduced graphene oxide (RGO) to biological and 
biomedical areas. This chapter discusses the fabrication of 
biocompatible GO and RGO through noncovalent or cova-
lent functionalization with biocompatible molecules. Poten-
tial bioapplications of biocompatible GO and RGO are also 
briefly discussed.

8.1 INTRODUCTION

Graphene oxide (GO) and reduced graphene oxide (RGO) 
have potential applications in biological and biomedical 
fields such as biosensors and drug delivery.1 However, their 
biocompatibility with biological cells has been considered as 
one of the challenges. GO and RGO generally show dose- and 
time-dependent biocompatibility (i.e., cytotoxicity) with bio-
logical cells. The biocompatibility of GO and RGO is also 
closely related to their structural properties including size, 
shape, agglomeration state, surface charge, conductivity, and 
hydrophilicity. GO is relatively biocompatible with many cells 
such as L-929, neuroendocrine PC12, oligodendroglia, osteo-
blasts, and A549, even at a slightly high concentration.2–6 For 
example, GO at a concentration of 20 µg/mL was internalized 
within A549 cells via endocytosis, and showed no cytotoxicity 
to A549 within 2-h incubation, but caused about 20% decrease 
in cell viability within 24 h. However, GO is toxic to some 
human cells such as lung fibroblasts, cervical cancer, blood 
cells, and skin fibroblast.4 Moreover, it tends to aggregate in 
physiological buffers with salts due to the charge-screening 
effect, although GO is stable in water. Agglomerated GO can 
be seriously trapped and accumulated in biological systems, 

inducing severe cytotoxicity. Pristine RGO aggregates in most 
solvents and biological systems, and therefore shows more 
severe cytotoxicity, compared to GO. More importantly, the 
biocompatibility of RGO is dependent on the toxicity of the 
solvent, reductant, and stabilizer used during its preparation.

Considering that GO and especially RGO could induce 
severe cytotoxicity to many biological systems, it is a prereq-
uisite to make them more biocompatible when they are con-
sidered for biological and biomedical applications. Surface 
functionalization of GO and RGO is expectantly able to 
remarkably reduce their cellular toxicity by tailoring their 
surface properties. For example, after being grafted with bio-
compatible molecules to improve their biocompatibility and 
solubility, GO and RGO exhibit significantly reduced even 
negligible toxicity to many cell lines.4,7

This chapter mainly focuses on the fabrication methods of 
biocompatible GO and RGO by noncovalent or covalent func-
tionalization with biocompatible molecules and also briefly cov-
ers the potential applications of biocompatible GO and RGO.

8.2  FABRICATION OF BIOCOMPATIBLE 
GRAPHENE OXIDE AND REDUCED 
GRAPHENE OXIDE

Biocompatible GO and RGO can be technically obtained by 
noncovalent (electrostatic, hydrophobic, and π–π stacking 
interactions) and covalent functionalization with biocompat-
ible molecules. In general, the biofunctionalization of GO 
can be achieved covalently through the reactive oxygen- 
containing groups of GO such as carboxylic acids at the edges 
and epoxides and hydroxyls on the basal plane, while RGO is 
primarily functionalized through noncovalent methods. The 
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approaches for biofunctionalization of GO and RGO are sum-
marized in Table 8.1 and discussed in the following sections.

8.2.1  bioFunCtionalization oF the Go and rGo 
by SynthetiC bioCompatible polymerS

RGO stabilized and functionalized by the surfactant TWEEN 
(polyoxyethylene sorbitan laurate) was highly stable in water, 
and the resultant TWEEN/RGO hybrid was noncytotoxic to 
monkey kidney cells, embryonic bovine cells, and Crandell–
Rees feline kidney cells.8 Amphiphilic block copolymers 
with hydrophobic and hydrophilic domains, for example, 
Pluronics (poly(ethylene oxide)-b-poly(propylene oxide)-b-
poly(ethylene oxide)) and Tetronics (four poly(ethylene oxide)-
b-poly(propylene oxide) copolymer chains bonded to an 
ethylene diamine central group), were also used to stabilize the 
RGO by hydrophobic interactions, producing stable graphene 
aqueous dispersions with concentrations exceeding 0.07 mg/
mL.9 The dispersion efficiency of the RGO by the amphiphilic 
block copolymers was substantially dependent on the lengths 

of the hydrophilic and hydrophobic domains. It seemed that the 
amphiphilic block copolymers with similar domain molecular 
weight ratios and comparable overall molecular weights could 
achieve the best dispersion efficiency. It was reported that GO 
was covalently functionalized by biocompatible amine-termi-
nated branched polyethylene glycol (PEG) through the reac-
tion between GO carboxylic groups and PEG amines, and the 
functionalized GO showed high aqueous solubility and excel-
lent stability in a variety of physiological solutions.10

8.2.2  bioFunCtionalization oF the rGo 
by natural biopolymerS

Because of their nontoxic, hydrophilic, biocompatible, and bio-
degradable nature, water-soluble polysaccharide derivatives 
including dextran, carboxymethyl cellulose, hydroxypropyl 
cellulose, chitosan, and heparin have been successfully used 
to stabilize RGO by noncovalent or covalent functionalization. 
Dextran, a hydrophilic natural polysaccharide, which can be 
fully degraded in living biological systems, was applied as the 

TABLE 8.1
Biofunctionalization of GO and RGO

Functionalizing Agents Functionalization Methods References

Synthetic biocompatible polymer Polyoxyethylene sorbitan laurate Hydrophobic interaction 8

Poly(ethylene oxide)-b-poly(propylene 
oxide)-b-poly(ethylene oxide)

Hydrophobic interaction 9

Four poly(ethylene oxide)-b-poly(propylene 
oxide) copolymer chains bonded to an 
ethylene diamine central group

Hydrophobic interaction 9

Amine-terminated branched PEG Chemical covalent 10

Natural biopolymer Dextran- Chemical covalent 11,12

sulfonated anionic glycosaminoglycan Hydrophobic and hydrogen-bonding 
interactions

13

Poly-l-lysine Chemical covalent 14

Sodium carboxymethyl cellulose Hydrophobic and electrostatic interactions 15

Chitosan Chemical covalent 16,17

Hydroxypropyl cellulose Chemical covalent 17

Biomolecule l-Ascorbic acid Hydrophobic and electrostatic interactions 18,19

l-Tryptophan π–π interaction 20

Folic acid Chemical covalent 21

l-Cysteine Hydrogen bonding and electrostatic 
interactions

22

Glucose Hydrogen bonding and electrostatic 
interactions

23

Biological molecule Single-stranded DNA Hydrophobic, electrostatic, and 
hydrogen-bonding interactions

24

Lysozyme Electrostatic, hydrophobic, and π–π 
stacking interactions

25

Horseradish peroxidase Hydrophobic interaction 26

protein Chemical covalent 27–29

Single-stranded nucleic acid π–π stacking interaction 30,31

Biotinylation Chemical covalent 32

peptide Hydrophobic, π–π stacking, and 
electrostatic interactions

33,34
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reductant and stabilizer for RGO. The dextran- stabilized RGO 
was readily soluble in both water and phosphate- buffered 
saline with high biocompatibility.11 The reduction of the GO 
was presumably attributed to the end glucose unit in the dex-
tran, which was oxidized to aldonic acid by the GO in the 
presence of ammonia and further converted into lactone. The 
RGO covalently functionalized by dextran entered cells with-
out significant interference to the cell growth, indicating that 
the dextran remarkably reduced the toxicity of the RGO to the 
cells.12 Similarly, heparin (a highly sulfonated anionic glycos-
aminoglycan) could be absorbed by the GO through hydro-
phobic and hydrogen-bonding interactions, functioning as both 
reducing and stabilizing agents. The prepared RGO suspen-
sion had very good stability in an aqueous solution for more 
than 3 months.13 The hydroxyl groups in the heparin reduced 
the GO, and the  carboxylic and sulfonic groups stabilized the 
RGO through electrostatic repulsion interactions. The heparin- 
stabilized RGO with the concentration in the range of 1–65 µg/
mL showed excellent biocompatibility to Hela cells in vitro with 
above 95% livability. Water-soluble RGO was also prepared 
through covalent functionalization by poly-l-lysine (a natural 
homopolypeptide of ~25–30 l-lysine residues).14 Sodium car-
boxymethyl cellulose, an anionic polyelectrolyte, was a good 
polymeric dispersant for the RGO at a concentration of 2 mg/
mL in water.15 The RGO covalently functionalized by naturally 
occurring cationic chitosan displayed good solubility and stabil-
ity in acidic and neutral aqueous solutions.16,17 The RGO cova-
lently functionalized by hydroxypropyl cellulose also showed 
good stability in aqueous solutions.17

8.2.3  bioFunCtionalization oF the 
rGo by biomoleCuleS

When toxic reducing agents such as hydrazine and NaBH4 are 
used for the reduction of GO, the resultant RGO is likely to be 
toxic to biological cells. It was reported that when Hela cells 
were incubated with the RGO from the reduction of the GO 
by hydrazine at a concentration of 65 µg/mL, the livability of 
the Hela cells decreased by about 60%.13 To avoid this issue, 
nontoxic natural biomolecules could be used, and they even 
functioned simultaneously as the reducing agent for the GO 
and stabilizing agent for the resultant RGOs. For example, 
l-ascorbic acid, also known as vitamin C, was successfully 
applied as the reducing and stabilizing agent for the produc-
tion of RGO suspension with a 0.1 mg/mL concentration.18,19 
The hydroxyl groups of l-ascorbic acid served as the reducing 
agent for the GO. The stabilization mechanism was attributed 
to the oxidized products of l-ascorbic acid. l-Ascorbic acid 
released two protons (deprotonation) and formed dehydro-
ascorbic acid, which could be further converted into oxalic and 
guluronic acids, and the released protons had a high affinity to 
the hydroxyl and epoxide groups on the GO to form water mol-
ecules. The produced oxalic and guluronic acids, which do not 
usually cause cellular damage, formed hydrogen bonds with 
the residual oxygen on the RGO, and therefore disrupted the 
π–π stacking between the RGO sheets, which prevented the 
RGO from agglomeration. l-Tryptophan, an amino acid, was 

added as a supplementary stabilizer on the top of l-ascorbic 
acid for the RGO.20 The l-tryptophan has an electron-rich aro-
matic ring of indole and thus could be absorbed by the RGO 
through the π–π interaction. The RGO was also stabilized by 
the terminal carboxylic acid of l-tryptophan by electrostatic 
repulsion. Folic acid (FA), also known as vitamin M, was also 
used to covalently functionalize GO, and the functionalized 
GO was stable not only in water but also in D-Hanks buffer.21 
l-Cysteine, an amino acid with a thiol group, was also inves-
tigated as a reductant and stabilizer for RGO.22 The reducing 
mechanism was speculated to be a two-step SN2 nucleophilic 
reaction followed by a thermal elimination. Specifically, when 
oxidized into l-cystine, l-cysteine released a proton from the 
thiol group, which functioned as a nucleophile with high-bind-
ing affinity to the oxygen-containing groups such as hydroxyl 
and epoxide of the GO to form a water molecule.

Glucose, a reducing sugar, could function as the reducing 
and stabilizing agent for RGO as well, and the obtained RGO 
could be stably dispersed in water for more than 1 month.23 
During the functionalization, glucose was first oxidized into 
aldonic acid and then lactone by the GO in the presence of 
ammonia solution. The oxidized products with hydroxyl and 
carboxyl groups presumably formed the hydrogen bonds with 
residual oxygen on the RGO. The formed hydrogen bonds 
and the electrostatic repulsion induced by the residual oxy-
gen functionalities primarily stabilized the RGO suspension. 
Similarly, other reducing sugars such as fructose and sucrose 
can also be used as the reducing and stabilizing agents for the 
production of RGO suspension.

8.2.4  bioFunCtionalization oF Go and rGo 
by bioloGiCal moleCuleS

Functionalization of GO and RGO with biological molecules 
such as deoxyribonucleic acid (DNA), proteins, nucleic acids, 
avidin–biotin, peptide, cells, and small molecules can particu-
larly improve their biocompatibility and solubility (Figure 8.1).7

Mann and coworkers reported that single-stranded DNA 
dispersed RGO in water principally through hydrophobic and 
also weak electrostatic/hydrogen-bonding interactions, and 
they obtained stable RGO aqueous suspensions with concen-
trations as high as 2.5 mg/mL.24 Horseradish peroxidase and 
lysozyme were readily immobilized onto the GO surface pri-
marily through the electrostatic interaction between charged 
GO (in the pH range of 4–11) and the enzymes as well as 
hydrophobic and π–π stacking interactions.25 The horserad-
ish peroxidase could also be immobilized on the hydrophobic 
RGO surface by hydrophobic interaction, which depended on 
both electron density and geometry of the enzyme.26

The GO had reactive oxygen-containing functional groups 
such as epoxy and carboxyl, and proteins had amine and car-
boxyl groups. The immobilization of proteins could also be 
realized through the chemical reactions between the GO and 
proteins. Bovine serum albumin (BSA) was immobilized on the 
GO by diimide-activated amidation reaction of the amine groups 
of the BSA with the carboxyl groups of the GO.27 Bifunctional 
molecules such as glutaraldehyde and 1-pyrenebutanoic acid 



128 Graphene Science Handbook

succinimidyl ester were used as the cross-linkers to covalently 
immobilize proteins onto the GO.28,29 Single-stranded nucleic 
acids could be noncovalently bonded with the GO through π–π 
stacking interaction, while double-stranded nucleic acids could 
not.30,31 Biotinylation of the GO was realized by the coupling 
reaction between amine-terminated biotin with a short segment 
of poly (ethylene glycol) and carboxyl of the GO, and the bioti-
nylated GO was found soluble in water, which could be further 
functionalized with streptavidin by forming the GO/streptavidin 
complexes through biotin–streptavidin interaction.32 Peptide, 
which could form a distorted helical secondary structure in 

water, could be physically adsorbed by the GO and RGO via 
hydrophobic, π–π stacking, and electrostatic interactions.33,34

8.3 BIOAPPLICATIONS OF GO AND RGO

Because of their unique two-dimensional structure and 
exceptional physicochemical properties, GO and RGO have 
shown great potential in bioapplications such as biosensors, 
drug/gene delivery, photothermal therapy, molecular imag-
ing, and tissue engineering. Some of the applications are 
summarized in Table 8.2. For example, the properties of GO 

TABLE 8.2
Bioapplications of GO and RGO

Graphene Types Intrinsic Properties Bioapplications References

RGO/functionalized RGO Efficient fluorescence-quenching ability, good 
conductivity, high specific surface area, and 
high density of edge-plane-like defective site

As sensors to detect hydrogen peroxide, nicotinamide 
adenine dinucleotide, hemoglobin, cytochrome c, 
horseradish peroxidase, cholesterol, dopamine, ascorbic 
acid, uric acid, glucose, DNA, and the living cell

35–45

Functionalized GO High specific surface area, planar sp2 hybridized 
carbon domain, and lipophilicity

As nanocarriers to deliver DOX, CPT, SN38, ellagic acid, 
β-lapachone, and BCNU

16, 46–53

Functionalized GO Binding to single-stranded DNA As a nanocarrier to deliver plasmid DNA 54,55

Functionalized 
nanographene oxide

Strong optical absorbance in the near-infrared 
region

As a photothermal agent for in vivo photothermal therapy 56

Functionalized 
nanographene oxide/
graphene quantum dots

Intrinsic optical properties in visible and 
near-infrared regions

As a contrast agent for biological imaging 57,58

Graphene oxide/reduced 
graphene oxide

Good elasticity, flexibility, and adaptability As a structural agent to improve mechanical properties 
and potentially modulate cell proliferation, 
differentiation, and adhesion

59

Bacteria

Proteins

Nucleic acids

Avidin–biotin

Peptide

Cells

Small molecules

O O O

H2N

N

N

N

N
O

OH OH

O–

O– P P PO O O
O– O–

Aptamers

FIGURE 8.1 Functionalization of the GO and RGO by biological molecules. (Reprinted from Trends Biotechnol, 29, Wang, Y. et al. Graphene 
and graphene oxide: Biofunctionalization and applications in biotechnology, 205–212, Copyright 2011, with permission from Elsevier.)
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and RGO including efficient fluorescence quenching, good 
conductivity, high specific surface area, and the high density 
of edge-plane-like defective sites made RGO a good candi-
date for fabricating various sensors for detecting biological 
molecules including hydrogen peroxide,35 nicotinamide ade-
nine dinucleotide,35 hemoglobin,36 cytochrome c,37 horserad-
ish peroxidase,38 cholesterol,39 dopamine,40 ascorbic acid,41 
uric acid,42 glucose,43 DNA,44and the living cell.45 Surface 
functionalization could further improve the biocompatibility, 
sensing capability, sensitivity, specificity, and loading capac-
ity of GO and RGO. The delocalized π-electrons enable GO 
to bind various aromatic drugs via π–π stacking interactions 
for delivery into living cells (Figure 8.2).1 In addition, an 
extremely high specific surface area allows ultrahigh drug 
loading for GO. Functionalized GO that has good stability 
in biological environments has been explored as nanocarri-
ers for a variety of chemotherapy drugs such as doxorubicin 
(DOX),46 camptothecin (CPT),16 7-ethyl-10-hydroxy-campto-
thecin (SN38),9 ellagic acid,47 β-lapachone,48 and 1,3-bis(2-
chloroethyl)-1-nitrosourea (BCNU).49 To further enhance the 
loading efficiency and realize the target loading, GO could 
be functionalized with targeting ligands such as FA.50 The 
drugs loaded on GO could be released by the response to 
environmental changes such as temperature,51 pH,52 and 
magnetic field.53 Furthermore, the polyethylenimine (PEI)- 
functionalized GO can bind to single-stranded DNA through 
strong electrostatic interactions and was applied for gene 
delivery.54,55

GO and RGO usually exhibit strong optical absorbance in 
the near-infrared regions, and therefore have been explored as 
the photothermal agents for ultrahigh in vivo tumor uptakes 
of anticancer drugs.56 In addition, GO and RGO were utilized 
as contrast agents for biological imaging applications57,58 and 
incorporated into scaffold materials for tissue engineering to 
improve their mechanical properties and potentially modulate 
cell adhesion, proliferation, and differentiation.59
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9 Fabrication Methods of 
Graphene Nanoribbons

Shazed Md Aziz, Suraya Abdul Rashid, and Saeed Rahmanian

ABSTRACT

Graphene nanoribbons (GNRs) are the complement of nano-
tubes in graphene nanotechnology. These strips of graphene 
have a very high length-to-width ratio and usually exhibit semi-
conducting behavior, which could be an advantage to modern 
electronic industries. GNRs are categorized as an attractive 
class of quasi one-dimensional (1D) material that can be fab-
ricated by finite extinction of graphene sheets provided with 
smooth edges. A significant amount of width- controlled GNR 
can be synthesized through graphite nanotomy (nanoscale-
cutting), where graphite nano-structured blocks are turned 
out by using a sharp diamond knife on graphite, which are 
then exfoliated to produce corresponding GNR. GNR can 

also be fabricated by unzipping or cutting open carbon nano-
tubes (CNTs). In this context, GNRs are produced by plasma 
etching of multiwalled CNT, which are partially embedded in 
a polymer film. The resultant nanoribbons have smooth edges 
and an ultrathin width distribution. In another method, a com-
bination of KMnO4 and H2SO4 are used to tear the CNT open 
along a single axis. In the context of this work, a remarkable 
amount of nonsemiconducting nanoribbons are synthesized. 
In some recent reports, GNRs are demonstrated to be syn-
thesized onto SiC substrates using ion implantation followed 
by vacuum or laser annealing of graphene layers. Some other 
researchers utilized chemical vapor deposition (CVD) on a 
graphene substrate and nanowire, and GNRs were success-
fully demonstrated in high density without any trimming, 
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with a top-down patterning process. In this chapter, various 
schemes of GNR fabrication are demonstrated, and their 
advantages and limitations are featured in detail.

9.1 INTRODUCTION

Graphene, a novel allotrope of carbon with a single plane of 
graphite, has exceptional electronic characteristics, as first 
demonstrated by Novoselov et al. (2004). Graphene is con-
sidered as an individual two-dimensional (2D), atomically 
thick sheet of graphite constructed of a hexagonal network 
of sp2-hybridized carbon atoms. The unconventional elec-
tronic, thermal, and mechanical characteristics of graphene 
make it a potential candidate for realistic applications in 
electronics, sensing, catalysis, energy storage, and energy 
conversion processes (Westervelt, 2008; Dua et  al., 2010; 
Pumera, 2011). However, owing to the lack of controllable 
synthesis of graphene with distinct size and shape, some 
challenges remain for the application of graphene in elec-
tronics. Controllable synthesis is a vital criterion to open 
up the energy band gap of graphene and allow its introduc-
tion as an active material in potential electrical applications 
(Lin et al., 2010).

Several researchers have demonstrated their individual 
techniques to open the band gap, such as the electronic field-
induced gap opening of bilayer graphene and the symmetry 
breaking of the graphene sublattice obtained from the inter-
action between the graphene layer and the substrates (Zhou 
et  al., 2007; Choi et  al., 2013). Among the proposed tech-
niques to open the band gap in graphene, graphene width 
detention in the range of a few nanometers, that is, the syn-
thesis of graphene nanoribbons (GNRs), has attracted signifi-
cant attention being the most promising and uncomplicated 
way to open band gaps (Son et al., 2006; Han et al., 2007; 
Choi et al., 2013). In general, GNRs are defined as graphene 
strips with a width of around 10 nm and with a large aspect 
ratio (generally, the aspect ratio should be higher than 10) 
(Chen et al., 2012). However, a few researchers have reported 
the synthesis of GNR of widths of up to 50 nm having a large 
aspect ratio. GNRs are now promising candidates for various 
electronic applications due to their unconventional electronic 
properties that can be modified to desired requirements by 
altering their width and geometry (Talyzin et al., 2011). Thus, 
fabricating GNR with required widths and edge structures 
constitutes a great research opportunity that many chemists 
and materials scientists have sought to undertake. Among all 
their applications, GNRs are one of the most promising can-
didates for the fabrication of graphene-based nanoelectronic 
devices such as high mobility field-effect transistors (FETs) 
(Choi et al., 2013).

Several methods have lately been demonstrated for GNR 
synthesis, such as the unzipping of carbon nanotubes (CNTs) 
(Sprinkle et al., 2010) or cutting of 2D graphene sheets (GSs) 
to ribbons by electron (Jin et al., 2009) or ion beams (Lemme 
et  al., 2009). GNRs have also been synthesized by con-
ducting deposition and fusion reaction of hydrocarbons on 
metal surfaces (Treier et al., 2011). Moreover, GNR can be 

considered as planar analogs of CNT, with band gaps aided 
by the ribbon width. In order to conduct extensive produc-
tion of high-quality GNR having narrow widths, numerous 
fabrication strategies, including both top-down and bottom-
up schemes, have been proposed, such as lithographic pat-
terning followed by plasma etching of graphene (Alexander 
and James, 2012), sonochemical breaking of chemically 
derived graphene (Li et  al., 2008), metal-catalyzed (Datta 
et  al., 2008) or oxidation cutting of graphene (Fujii and 
Enoki, 2010), direct chemical vapor deposition (CVD) syn-
thesis (Campos-Delgado et  al., 2008), chemical synthesis 
(Cai et al., 2010), and unzipping of CNTs (Jiao et al., 2009). 
Details of experimental studies on the synthesis of GNR are 
summarized in Table 9.1.

Apart from experimental studies, quite a few theoreti-
cal calculations have been committed to the understand-
ing of the unzipping mechanism of CNT at its atomic level. 
Rangel et al. (2009) investigated the oxidation unzipping of 
armchair single-walled carbon nanotube (SWNT) and found 
that the unzipping started with KMnO4 attacking, stretch-
ing, and breaking one of the C–C bonds perpendicular to the 
CNT axis. Ma et al. (2012) proposed an effective way of cut-
ting strained graphene into GNR along a specific direction. 
GNRs with large and controllable aspect ratios are expected 
to be produced by oxygen cutting of strained graphene. In 
the context of this chapter, we focus on recent progress in the 
fabrication of GNR by different methods. The mechanical, 
electronic, and magnetic properties, and edge reconstruction 
of GNR are briefly summarized in terms of their synthesizing 
methods. The advantages and shortcomings of the process of 
GNR synthesis, present challenges, and future scope are also 
discussed.

9.2  CUTTING OF GRAPHENE 
FOR GNR SYNTHESIS

9.2.1 Graphite nanobloCk-derived Gnr

Preparation of graphite nanoblocks (GNBs) constitutes the 
most reasonable method for top-down processing of graphene 
nanostructures (GNs), such as GNR. Nihar et al. (2012) have 
demonstrated a large-scale production route for GNR with 
narrow width distribution, length of several microns, and 
smooth edges, achieved by nanoscale cutting of highly ori-
ented pyrolytic graphite (HOPG) into GNBs, and their subse-
quent exfoliation. Figure 9.1 shows the schematic diagram for 
the GNR production process.

The aforementioned technique offers the narrowest distri-
bution of the ribbon-width (standard deviation ~3–15 nm for 
20–80 nm GNR) with the modal width ranging between 5 
and 600 nm. The overall yield of the process is approximately 
80% (nanotomy = 100% and exfoliation ~80%). In this pro-
cess, the GNR appear as thin films and show a semiconduct-
ing nature with a desirable band gap. This low-cost, highly 
efficient method for the fabrication of high-quality narrow 
GNR and GNR films has contributed considerably to cata-
pulting GNR applications and research (Nihar et al., 2012).
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TABLE 9.1
Summary of Recent Experimental Methods for GNR Fabrication

Methods Description GNR Dimensions Reference

Cutting of 
graphene for 
GNR synthesis

Graphite nanoblock-
derived GNR

Nanoscale cutting of highly oriented pyrolytic 
graphite into GNBs, and their subsequent 
exfoliation

The narrowest distribution 
of the ribbon-width 
20–80 nm GNR

Nihar et al. (2012)

Metal nanoparticle-
catalyzed graphene 
nanotomy

Nanocutting graphene sheet along a specific 
crystallographic direction by thermally 
activated Fe or Ni nanoparticles as chemical 
scissors

Widths as small as about 
15 nm and lengths on the 
order of millimeters

Ci et al. (2008, 2009); 
Datta et al. (2008); 
Campos et al. (2009); 
Scaffel et al. (2009)

Facile synthesis of 
GNR from chemically 
derived graphene 
sheets

Preparation of a stable homogenous 
suspension of chemically exfoliated graphene 
sheets followed by adding hydrazine hydrate 
and 36 h refluxing

Stankovich et al. (2007); 
Wu et al. (2009); 
Zhong-Shuai et al. 
(2010)

Plasma etching on 
mechanically 
exfoliated graphene

Oxygen plasma etching on graphene 
accommodated with synthesized nanowires 
as the physical protection mask

Widths down to 10 nm Han et al. (2007); 
Li et al. (2008); 
Bai et al. (2009)

Fabrication of 
GNR from CNT

CNT unzipping Longitudinal unzipping of embedded oxidized 
MWCNT in PMMA strip by Ar plasma

Narrow width 
distributions 10–20 nm

Jiao et al. (2009); 
Kosynkin et al. (2009)

Oxidation of CNT Lengthwise cutting of MWNT by suspending 
in concentrated sulfuric acid and treated with 
KMnO4

4 mm long with widths of 
100–500 nm and 
thicknesses of 1–30 nm

Kosynkin et al. (2009); 
Higginbotham et al. 
(2010); Jiao et al. (2010)

Fabrication of GNR 
encapsulated in 
single-walled CNT

Thermally induced fusion of coronene and 
perylene molecules into opened SWCNT

The length of nanoribbons 
was limited only by the 
length of the nanotubes, 
width in the range of 
0.5–1.0 nm

Talyzin et al. (2011)

Transition-metal-
catalyzed cutting

Serving metal particles (e.g., Co, Ni, or Cu) as 
catalysts to break H–H and C–C bonds and as 
solvents for etched C atoms

15–40 nm wide and 
100–500 nm long

Ci et al. (2008); 
Campos et al. (2009); 
Santos et al. (2009); 
Elias et al. (2010)

Sonochemical 
processing of carbon 
nanotubes

Solution-phase-derived, stably suspended in 
solvents with noncovalent polymer 
functionalization; sonochemical cutting of 
chemically derived graphene sheets

Width <10 nm Xiaolin et al. (2008); 
Zhong-Shuai et al. 
(2009)

GNR from calcined 
MWNT

Air calcinating of MWNT in 500°C and 
unzipping in PmPV solution

Width 10–30 nm Jiao et al. (2010)

Physical transformation 
of nanotubes

Transformation of SW/MWNT in high 
temperature under high pressure or vacuum

Zhang et al. (1998); 
Gutiérrez et al. (2005)

Surface-arbitrated 
fabrication of 
GNR

Assembled monolayer of 10,10′-dibromo-9,9′-
bianthryl monomers on metal surfaces

Annealing of the sample at 400°C induces 
intramolecular cyclodehydrogenation and 
planarization of the polymer chain

Width ~20–30 nm Cai et al. (2010)

Direct growth on SiO2 
substrates

Surface-catalytic-selectivity-assisted method 
combined with lithographic resolution

Width ~20 nm In˜igo et al. (2012)

Solution synthesis 
of GNR

A stoichiometrically controlled, microwave-
assisted Diels–Alder reaction of 
polyphenylenes. Subsequent 
cyclodehydrogenation of the polyphenylenes 
afforded the planarized ribbon

Lengths of up to 12 nm Yang et al. (2008); Fogel 
et al. (2009); Sakamoto 
et al. (2009); Zhang et al. 
(2010); Pradhan et al. 
(2011); Treier et al. 
(2011)

Large-scale solution 
synthesis

Polymerization of presynthesized molecular 
precursors by a Ni0-mediated Yamamoto 
coupling followed by a cyclodehydrogenation 
through a Scholl reaction aided by iron (III) 
chloride

Width ~1 nm and length 
>100 nm

Yamamoto et al. (1992); 
Fursina et al. (2008); 
Chen et al. (2012); 
Schwab et al. (2012); 
Timothy et al. (2014)

(Continued )
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9.2.2  metal nanopartiCle-Catalyzed 
Graphene nanotomy

Datta et  al. (2008) demonstrated nanocutting of graphene 
where thermally activated Fe nanoparticles were used as 
chemical scissors to cut GSs along a specific crystallographic 
direction. Parallel and straight ribbon structures were formed 
by the extracts of graphene removed from the nano-tranches 
(Figure 9.2). Long (>1 mm) crystallographic edges were fab-
ricated with widths less than 15 nm and lengths on the order 
of millimeters.

A similar synthesis route employing Ni nanoparticles was 
implemented by Ci et al. (2008). They found that the cutting 
direction could be controlled by means of the size of the 
metal particles, in principle, allowing GNR or pieces to be 
cut with discrete edges. Many other catalysts have also been 
used to cut graphene into nanostructures with well-defined 
edges (Campos et al., 2009; Scaffel et al., 2009). A recent 
report demonstrated that a combination of nanolithography 

and catalyzed cutting may offer a feasible way to control 
GNR width and edge structure simultaneously (Ci et  al., 
2009).

9.2.3  FaCile SyntheSiS oF Gnr From 
ChemiCally derived Graphene SheetS

This particular process was reported by Zhong-Shuai et al. 
(2010), which comprises the chemical exfoliation of graphite 
to prepare GSs, followed by sonochemical cutting of chemi-
cally derived GSs into GNR. Synthetic graphite has been 
utilized as the starting material to fabricate GSs through 
oxidation, thermal exfoliation, H2 reduction, dispersion, and 
centrifugation (Wu et  al., 2009). The fabricated GSs were 
then dispersed in a mixed solution of 0.1 wt% polyvinyl-
pyrrolidone (PVP) and 0.1 wt% sodium dodecyl sulfate to 
form a stable homogenous suspension by using sonication 
for 1 h through the aid of a high-shear mixer. In order to 
further eliminate the oxygen-containing groups and to 

Chuck
Resin HOPG

block

Water bath

Diamond knife

Graphite
nanoblocks (GNBs)

(a) (b)

Graphene nanoribbons
30 nm

Exfoliation

GNB

GNRs

FIGURE 9.1 Schematic diagram for the GNR production process. (a) A descriptive sketch of the nanotomy process showing the diamond-
knife-based mechanical cleaving of HOPG block to produce GNBs for GNR production. (b) GNRs are produced by exfoliating the corre-
sponding GNBs in chlorosulfonic acid (superacid). TEM micrographs of 30-nm GNR. (Reprinted by permission from Macmillan Publishers 
Ltd. Nat. Commun., Nihar, M. et al., Nanotomy-based production of transferable and dispersible graphene nanostructures of controlled 
shape and size. 3:844, copyright 2012.)

TABLE 9.1 (continued)
Summary of Recent Experimental Methods for GNR Fabrication

Methods Description GNR Dimensions Reference

Direct growth of 
GNR

Growth using a catalyst Decomposition of a carbon source by use of a 
catalyst in CVD process

40 graphene layers thick, 
20–300 nm in width, and 
tens of microns in length

Campos-Delgado et al. 
(2008); Mahanandia 
et al. (2008); Kang et al. 
(2011)

Growth at surfaces Coupling of molecules into chains at surfaces Terai et al. (1998); Soe 
et al. (2001); Shikin 
et al. (2002); Cai et al. 
(2010)

Epitaxial graphene on 
SiC

Thermal decomposition of SiC ~100 nm Sprinkle et al. (2010)

Step-templated CVD 
growth of GNR

Step structure created on the epitaxial Co film 
is used to segregate arrays of aligned GNR

High aspect ratio (>100) Ago et al. (2012)
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partially reinstate the extended conjugated sp2 network of 
GNR or GSs (Stankovich et  al., 2007), hydrazine hydrate 
can be slowly added to the suspension under dynamic stir-
ring, and the resultant solution can be refluxed by using a 
water-cooled condenser. Finally, high-speed centrifugation 
was used to remove large pieces of GSs and obtain the GNR 
supernatant.

9.2.4  plaSma etChinG on meChaniCally 
exFoliated Graphene

Han et al. (2007) were the first to report e-beam patterning 
and oxygen (O2) plasma etching on mechanically exfoliated 
graphene in order to make sub-50-nm GNR (quasi-GNR). 
However, the performance of the FET based on these 
 particular GNR showed high variability as a result of the 
lack of control over the edge structure. Further optimization 
of this approach was developed by Bai et  al. (2009) upon 
employing chemically produced nanowires as the protec-
tion cover in oxygen plasma etching, thus permitting the 
controllable fabrication of GNR with defined widths down 
to 6 nm.

The first solution approach to fabricate quasi-GNR (with 
widths down to 10 nm) directly from bulk exfoliated graph-
ite was demonstrated by Li et  al. (2008). In their process, 
expanded graphite was produced by intercalation with sulfuric 
acid and nitric acid, followed by rapid heating (1 h) to 1000°C 
in H2/Ar, which permitted to graphite exfoliation into stack of 
layered GSs. Subsequently, the sonication of this precursor 
in the presence of poly(m-phenylene-vinylene-2,5-dioctoxy-
p-phenylenevinylene) (PmPV) increased the stability of the 
dispersion of GNR. It has been reported that the sonication 
acts as a mechanical driving force to exfoliate GSs into copo-
lymer and graphene fragments to avoid their reaggregation, 
thus providing the successful isolation of GNR deposited on a 
surface (Li et al., 2008).

9.3 FABRICATION OF GNR FROM CNT

CNT are currently often defined as rolled-up GSs. It is possi-
ble to physically unroll them in order to obtain good-shaped 
GNR. These different methods to unroll or unzip nanotubes 
are illustrated in Figure 9.3. The very first method to fab-
ricate graphitic nanoribbons from CNT was reported in 
2009 (Cano-Márquez et al., 2009). Two more works related 
to the unzipping of CNT appeared after some time (Jiao 
et al., 2009; Kosynkin et al., 2009). Another method, ini-
tially developed by Mauricio et al. (2009) involved the use 
of metal catalytic particles as nanoscale scissors, and was 
successfully validated by Elias et al. (2010). It was also sub-
sequently reported that CNT could be easily unzipped by 
passing a high electrical current through the microscope 
(Kim et al., 2010).

9.3.1 unzippinG oF Cnt

As an alternative to graphene or graphite as the precursor, a 
simple, efficient, and potentially scalable technique for fab-
ricating GNR in solution was reported by Kosynkin et  al. 
(2009). The starting materials were multiwalled carbon nano-
tubes (MWNTs) with diameters between 40 and 80 nm, which 
were treated with concentrated sulfuric acid and potassium 
permanganate as an oxidizing agent at room temperature with 
subsequent heating at 55–70°C. This chemical process facili-
tates the unwrapping of the nanotubes along the longitudinal 
direction, thus producing GNR up to 4 mm in length, with 
widths of 100–500 nm, and thicknesses of 1–30 graphene lay-
ers. The mechanism of the unzipping probably involves the 
oxidation of C–C double bonds in the nanotubes. The prod-
ucts are highly soluble in both water and polar organic sol-
vents, and are crucial for further processing into electronic 
devices.

During the development of the aforementioned technique, 
an alternative way for unzipping highly crystalline MWNT 
was accounted by Jiao et al. (2009). In this work, dispersed 
MWNT were partly embedded in a poly(methyl methacrylate) 
(PMMA) layer, which served as an etching mask on a silicon 
(Si) substrate (Figure 9.4). The unzipping process was con-
ducted by exposing the PMMA/MWNT film to an Ar plasma 
treatment. The unshielded zone was etched quicker than the 
region protected by PMMA, thus resulting in unzipped GNR. 
This strategy provides the synthesis of single, bi-, and mul-
tilayer GNR, depending on the plasma treatment conditions. 
Finally, the PMMA film was detached by exposing the system 
to acetone vapor. The ribbons are narrower (10–20 nm wide) 
than those produced by the solution method (Kosynkin et al., 
2009). The authors additionally demonstrated the construc-
tion of FET based on these GNR. The charge-carrier mobility 
of the GNR is about 10 times lower (caused by edge scatter-
ing) than that of the 2D GSs.

In another effort, Cano-Márquez et al. (2009) synthesized 
GNR by longitudinally unzipping MWNT through the inter-
calation of lithium and ammonia followed by exfoliation. 
The final products comprise of multilayered GNR, partially 

Fe

FIGURE 9.2 Schematic of crystallographic few-layer graphene 
etching process. Thermally activated Fe nanoparticles react with 
active carbon atoms at graphene edges, moving and breaking lay-
ered graphene C–C bonds along specific crystallographic direc-
tions. (Reprinted with permission from Datta, S. S., Strachan, D. 
R., Khamis, S. M. et al., Crystallographic etching of few-layer gra-
phene. Nano Lett. 8:1912–1915. Copyright 2008 American Chemical 
Society.)
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opened MWNT, and graphene flakes. Although this method 
is not very promising for high-yield GNR synthesis, it pro-
vides a new possibility to realize the longitudinal unzipping 
of CNT.

9.3.2 oxidation oF Cnt

Kosynkin et  al. (2009) fabricated GNR by lengthwise cut-
ting of MWNT by a simple, efficient, and scalable oxidation 
method (Figure 9.5). The MWNT were suspended in concen-
trated sulfuric acid and treated with KMnO4 to break the C–C 
bonds along the axial direction of the CNT. The fabricated 
GNR are up to 4 mm long with widths of 100–500 nm and 
thicknesses of 1–30 graphene layers. The electrical conductiv-
ity of these GNR is not significant due to the edge attachment 
of many oxygen-containing chemical groups, and most of the 
GNR exhibit metallic behavior.

Although the above-mentioned process resulted in defec-
tive GNR with relatively low electrical transport properties, 
Kosynkin et al. (2009) demonstrated that it is in fact possible 
to obtain highly crystalline GNR exhibiting extremely high 
electrical conductivities, which could be used in the fabrica-
tion of FET and other electrical devices. The modified method 
comprises an effective chemical oxidation at 60°C, in the 
presence of a second acid (C2HF3O2 or H3PO4) besides the 
H2SO4–KMnO4 mixture (Higginbotham et  al., 2010). More 
recently, some other researchers have reported an alternative 
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FIGURE 9.3 Schematic illustration of different ways to unzip CNT in order to yield GNR: (a) intercalation–exfoliation of MWCNT, 
involving treatments in liquid NH3 and Li, and subsequent exfoliation using HCl and heat treatments; (b) chemical route, involving acid 
reactions that start to break carbon–carbon bonds (e.g., H2SO4 and KMnO4 as oxidizing agents); (c) catalytic approach, in which metal 
nanoparticles “cut” the nanotube longitudinally like a pair of scissors; (d) the electrical method, by passing an electric current through a 
nanotube; (e) physicochemical method by embedding the tubes in a polymer matrix followed by Ar plasma treatment; and (f) the resulting 
structures are either GNR or graphene sheets. (Reprinted from Nano Today, 5(4), Mauricio, T. et al., Graphene and graphite nanoribbons: 
Morphology, properties, synthesis, defects and applications, 351–372, Copyright 2010, with permission from Elsevier.)
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FIGURE 9.4 Producing GNR from CNT. (a) A pristine MWNT 
was used as the starting raw material. (b) The MWCNT was 
deposited on a Si substrate and then coated with a PMMA film. 
(c) The PMMA–MWNT film was peeled from the Si substrate, 
turned over and then exposed to an Ar plasma. (d–g) Several pos-
sible products were generated after etching for different times: 
GNRs with CNT cores were obtained after etching for a short 
time t1 (d); tri-, bi-, and single-layer GNR were produced after 
etching for times t2, t3, and t4, respectively (t4 > t3 > t2 > t1; e–g). 
(h) The PMMA was removed to release the GNR. (Reprinted by 
permission from Macmillan Publishers Ltd. Nature, Jiao, L. et al.,  
Narrow graphene nanoribbons from carbon nanotubes. 458:877–
880, copyright 2009.)
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chemical method for unzipping CNT by treating MWNT in air 
at 500°C followed by the sonication of the resulting material 
in a 1,2-dichloroethane/poly-m-phenylenevinylene-co-2,5-di-
octoxy-p-phenylenevinylene (DCE-PmPV) solution (Jiao 
et al., 2010). These authors demonstrated that the ribbon mate-
rial results in a high yield of unzipped tubes (e.g., 60%) with 
smooth edges of the unzipped tubes (or ribbons). The resultant 
GNRs are of 2–3 layers thick and exhibit high electrical con-
ductance, low resistance, and phase coherent transport.

9.3.3  FabriCation oF Gnr enCapSulated 
in SinGle-walled Cnt

Talyzin et  al. (2011) reported an uncomplicated and effi-
cient method for the synthesis of hydrogen-terminated GNR 
encapsulated in SWNTs by using thermally induced fusion of 
coronene and perylene molecules. CNT in this reaction pro-
vided the 1D alignment of molecules required for the fusion 
reaction to produce GNR. In this effort, nearly 100% filling 
of SWNT was reported, while the use of a different precursor 
allows modifying the shape of GNR. During the fabrication 
process of GNR, SWNT opened by oxidation treatment were 
further exposed to coronene or perylene vapor in a sealed 
reactor with argon at ambient pressure. Another article by 
Talyzin et  al. (2011) reported that the annealing was con-
ducted for 1–24 h in the temperature range starting from just 
above the melting point of coronene (438°C) up to the temper-
atures at which bulk coronene fusion reactions were observed 
at 530°C. Perylene/SWNT samples were annealed in the 
temperature range of 350–450°C with best results obtained 
at 400°C. Surprisingly, the formation of GNR encapsulated 

in SWNT was observed for the whole temperature interval 
above the melting point of coronene, even for temperatures 
significantly lower than the previously established tempera-
ture of the reaction in free (not encapsulated in nanotubes) 
vapor (above 530°C). The analysis of the high-resolution elec-
tron microscopy (HRTEM) images collected from these sam-
ples showed that GNRs are formed inside SWNT with almost 
100% filling, and that the length of nanoribbons was limited 
only by the length of the nanotubes (Figure 9.6a and b).

Figure 9.6a and b shows that nanoribbons were often non-
uniform in the width with a visible variation in the range of 
0.5–1.0 nm. The highest width of GNR is limited by the diam-
eter of the SWNT when the geometrical shape is much com-
plex. The GNRs were usually notified to twist, and to form 
helical configurations (Figure 9.6b), but in quite an unusual 
way compared to helices predicted in recent theoretical work 
(Yua et al., 2008). Very similar but rather narrower and more 
strappingly twisted GNRs were also achieved using a perylene 
precursor (Figure 9.6c). From the TEM images, it can be seen 
that the SWNT samples contain encapsulated GNR aligned 
in a similar direction provided by the alignment of the nano-
tube sample, which could be useful for some applications. 
Alignment of the ribbons in a single direction is necessary in 
order to study their magnetic properties, conductivity, or heat 
transport.

9.3.4 tranSition metal-Catalyzed CuttinG

Elias et  al. (2010) and Parashar et  al. (2011) both exploited 
transition metal particles (e.g., Co, Ni, or Cu) as chemical 
scissors to cut MWNT. During the cutting process, the metal 
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FIGURE 9.5 Stepwise opening of MWCNT to form nanoribbons. (a–e) TEM images of the stepwise opening of MWNT representing 
the incremental exposure of the system to KMnO4: the least oxidized sample is in (a) and the most oxidized sample is in (e). (Reprinted by 
permission from Macmillan Publishers Ltd. Nature, Kosynkin, D. V. et al., Longitudinal unzipping of carbon nanotubes to form graphene 
nanoribbons. 458:872–876, copyright 2009.)
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particles act as catalysts to break H–H and C–C bonds, and 
further act as solvents for etched C atoms. No aggressive 
chemical treatment is necessary for this method, and hence 
smooth graphitic edges can be easily obtained. The catalytic 
cutting technique is attractive due to its simplicity when com-
pared to other chemical methods. Metal nanoparticles are 
deposited on the surface of MWNT (via magnetron sputter-
ing or chemically), and these coated tubes are subsequently 
placed on Si wafers and treated at 850°C, under a low flow 
of H2–Ar. The unzipping mechanism is based on the metal 
catalyst dissociating carbon bonds, and such carbon atoms 
reacting with H2 to form methane (CH4) (Baker et al., 1982). 
The samples revealed that the tubes were cut, partially open, 
or open along the axis. Larger metal nanoparticles traveled 
along the axis of some CNTs, performing deeper cuts that 
opened longitudinally MWNT and N-doped MWNT (Elias 
et al., 2010). However, the actual amount of GNR produced 
by this technique is still very low (approximately 5% of the 
original CNT sample). Some previous reports have reported 
that the catalytic metal particle (Co or Ni) can cut graphene 
layers only along armchair or zigzag atomic lines (Ci et al., 
2008; Campos et al., 2009).

A similar route to unzip CNT can be conducted by the 
thermal treatment of nanotubes, encapsulating Fe nanopar-
ticles, for 26 h at 1100°C under an Ar atmosphere. It appears 
that at 1100°C, the encapsulated Fe nanoparticles start to react 
with the surrounding carbon atoms, causing their dissocia-
tion and the breakage of the tube compartments. The GNR 
synthesized in this method are typically 15–40 nm wide and 
100–500 nm long. It has been predicted that the partially 

open MWNTs exhibit a large magneto-resistance effect at 
low magnetic fields, and thus could be significant in electrical 
applications (Santos et al., 2009).

9.3.5 Gnr From CalCined mwnt

Jiao et al. (2010) presented a promising method to unzip CNT 
by a simple two-step process. Initially, soot materials con-
taining pristine MWNT were synthesized by arc discharge, 
followed by calcination in air at 500°C. This process was con-
ducted in order to remove impurities and etch/oxidize MWNT 
at defect areas, and the ends were more reactive with oxy-
gen than the pristine sidewalls of CNT (Colbert et al., 1994). 
Then, MWNTs were kept dispersed in an organic solution of 
DCE-PmPV by using the sonication process. In the course of 
sonication, the calcined CNTs were found to be unzipped into 
GNR with high efficiency. The residual CNTs were extracted 
by using ultracentrifuge, resulting in a high percentage 
(>60%) of GNR in the supernatant. The use of raw soot as the 
starting material resulted in ~2% yield of GNR through the 
two-step process, which could be further enhanced by repeat-
ing the unzipping process for the remaining CNT in the cen-
trifuged aggregate, raising the calcination temperature with 
a prolonged sonication time. The yield and capacity of high-
quality GNR production by this process (width 10–30 nm) 
significantly exceeds the previous outcomes and is capable of 
making high-quality nanoribbons (Li et al., 2008).

9.3.6 phySiCal tranSFormation oF nanotubeS

The physical transformation of MWNT into nanoribbons is 
also possible, with the use of high pressure, though in many 
studies the target was to obtain diamond crystals. Zhang et al. 
(1998) reported that CVD-grown MWNT annealed at high 
temperatures (950–1200°C) under 5.5 GPa for 25 min, pro-
duce ribbon-like and onion-like graphitic structures (Zhang 
et al., 1998), and higher temperatures favor ribbons (resulting 
from collapsed nanotubes) over onions. Later on, Gutiérrez 
et  al. (2005) reported the transformation of SWNT into 
bundles using a high temperature in a vacuum environment. 
SWNT first coalesce into larger-diameter SWNT or MWNT 
(from 1400–1600°C). After that, these large-diameter nano-
tubes collapse when the temperature is further increased to 
1800°C and result in different types of GNR, which can be 
identified by the shape of their closed ends.

9.4  SURFACE-ARBITRATED 
FABRICATION OF GNR

Treier et al. (2011) reported the concept of surface synthesis 
of nanographenes through surface-mediated intramolecular 
cyclodehydrogenation of oligophenylene precursors. Apart 
from this demonstration, the concept of the surface synthe-
sis approach has been found to be exceptionally significant 
for the polymerization of aromatic precursors with halogen 
groups (such as bromo or iodo substituents) on their periph-
eries (Lipton-Duffin et  al., 2009). Cai et  al. (2010) utilized 
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FIGURE 9.6 TEM images of GNR encapsulated in SWNT. (a, b) 
Obtained using coronene precursor and (c) obtained using perylene 
precursor. A molecule of perylene (0.8 nm in diameter) is also vis-
ible on outer surface of SWNT (marked by arrow). (Reprinted with 
permission from Talyzin, A. V. et al. 2011. Synthesis of graphene 
nanoribbons encapsulated in single-walled carbon nanotubes. 
Nano Lett. 11:4352–4356. Copyright 2011 American Chemical 
Society.)
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the method with an aromatic precursor in order to fabricate 
atomically precise GNR. Figure 9.7 shows the rational combi-
nation of these two types of reactions leading to the successful 
synthesis of atomically precise GNR based on dihalogenated 
oligophenylene monomers (Cai et  al., 2010). As a result, 
chevron-type GNR with a periodicity of 1.70 nm and pure 
armchair edge structure was attained by using 6,11-dibromo-
1,2,3,4-tetraphenyltriphenylene as the precursor monomer. 
Most of the GNR fabricated via surface mediation show a 
length of 20–30 nm and in some cases up to 100 nm. The 
basic fabrication steps of such nanoribbons was obtained 
from 10,10′-dibromo-9,9′-bianthryl monomers as described 
by Müller and Baumgarten (1995). The first thermal activa-
tion step of an accumulated monolayer of 10,10′-dibromo-9,9′-
bianthryl monomers on metal surfaces, for example, Ag(111) 
or Au(111) at 200°C, cleaves the halogen substituent, thereby 
yielding surface-stabilized biradical species. The resultant 
biradicals undergo conventional aryl–aryl coupling reactions 

to create linear polymer chains (Hassan et al., 2002). Finally, 
subsequent annealing of the sample at 400°C influences 
intramolecular cyclodehydrogenation and planarization 
of the polymer chain and the formation of straight ribbons 
with armchair edge. Moreover, with the addition of one more 
C3-symmetric triiodo-functionalized monomer, 1,3,5-tris(4″-
iodo-2′-biphenyl)benzene, to 6,11-dibromo-1,2,3,4-tetraphen-
yltriphenylene, a threefold GNR junction could be produced 
(Cai et al., 2010).

A transfer method of GNR from the gold surface to the 
silicon dioxide substrate has also been demonstrated by a 
polydimethylsiloxane (PDMS) stamp transfer process with 
subsequent etching of the gold layer in KI solution (Huang 
et  al., 2009). As the topology of GNR is exclusively deter-
mined by the precursor monomers utilized, one can expect 
that the abundant availability of different halogenated oligo-
phenylene precursors will allow the synthesis of GNR with 
different architectures.
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FIGURE 9.7 Chevron-type GNR from tetraphenyl-triphenylene monomers. (a) Reaction scheme from 6,11-dibromo-1,2,3,4-tetraphenyl-
triphenylene monomer to chevron-type GNR. (b) Overview STM image of chevron-type GNR fabricated on a Au(111) surface (T = 35 K, 
U = −2 V, I = 0.02 nA). The inset shows a high-resolution STM image (T = 77 K, U = −2 V, I = 0.5 nA) and a DFT-based simulation of the 
STM image (grayscale) with partly overlaid molecular model of the ribbon (blue, carbon; white, hydrogen). (c) Monolayer sample of chevron 
GNR on Au(111): STM image and corresponding ribbon length distribution. (d) XPS survey of a monolayer sample of chevron-type GNR 
with core levels and valence band (VB) labeled. The C1s core level spectrum (inset) consists of a single component located at 284.5 eV bind-
ing energy (full-width at half-maximum, FWHM 0.87 eV). The absence of oxygen-related spectral features proves the chemical inertness of 
the GNR with respect to ambient conditions: blue bars indicate the energy position for C─O, C═O, and COOH (with increasing chemical 
shift). (Reprinted by permission from Macmillan Publishers Ltd. Nature, Cai, J. et al., Atomically precise bottom-up fabrication of graphene 
nanoribbons. 466:470–473, copyright 2010.)
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9.5 SOLUTION SYNTHESIS OF GNR

9.5.1  polyCyCliC aromatiC hydroCarbonS 
nanoribbonS

The procedure conducted for the synthesis of graphene mol-
ecules from 1D linear polyphenylene precursors can further 
be elaborated to fabricate GNR. The major concern regard-
ing the method is the use of high-molecular-weight precur-
sor polymers, which can successfully formulate GNR with a 
large aspect ratio. Polycyclic aromatic hydrocarbons (PAHs) 
are distinct “pieces of graphite,” which possess size-depen-
dent adjustable redox behavior. On the basis of this particu-
lar concept, Fogel et al. (2009) presented a unique solution to 
fabricate a new homologous series of monodisperse soluble 
polyphenylenes. This so-called polyphenylene ribbons serve 
as precursors for completely dehydrogenated “graphitic” PAH 
nanomolecules to produce professed PAH ribbons. Figure 9.8 
shows scanning tunneling microscope (STM) images of self-
assembled monolayers of PAH ribbon produced by drop-cast-
ing of a tetrahydrofuran (THF) solution on HOPG. Recently, 
Fogel et  al. (2009) reported the synthesis of a homologous 
series of five monodisperse linear polyphenylenes with rigid 
dibenzo[e,l]pyrene cores in the repeating units. The procedure 
is assisted through a stoichiometrically controlled, micro-
wave-aided Diels–Alder reaction. The fabricated polyphenyl-
ene precursors range from 132 (n = 1) to 372 (n = 5) carbon 
atoms in the aromatic backbone included with up to six 
dibenzo-[e,l]pyrene units. In due course of time, succeeding 

cyclodehydrogenation of polyphenylenes resulted in the pla-
narized ribbon.

The STM images were recorded at the solid/liquid inter-
face in dodecane and reveal polycrystalline structures con-
sisting of bright parallel stripes with different orientation in 
adjacent domains (Figure 9.8, background picture). These 
bright stripes correspond to regions with high tunneling 
current and can be assigned to π-conjugated cores of form-
ing extended columnar structures. On a scale of several tens 
of nanometers, these stripes adopt a very regular pattern 
with a spacing of 5 nm (Figure 9.8, middle-ground picture), 
and on the nanometer scale, an additional structure is vis-
ible within the stripes with a periodicity of about 0.4 nm 
(Figure 9.8, foreground picture). The latter value can be 
assigned to the intermolecular distance of the PAH ribbon 
molecules in a columnar arrangement in which the molecu-
lar planes are oriented perpendicular to the HOPG surface 
and parallel to each other (see the inset in Figure 9.8). The 
regular spacing of 5 nm between the columns resembles 
well the length of about 4.1 nm for the rigid π-system of rib-
bons as obtained from molecular modeling. The aliphatic 
side chains, which are partially situated in the darker parts 
of the image, could  not be resolved, probably because of 
their high conformational mobility on a time scale faster 
than the STM imaging.

9.5.2 Suzuki polymerization

Another type of linear nanoribbon was achieved by oxida-
tive cyclodehydrogenation of the hexaphenylbenzenetype 
polymers synthesized by Suzuki polymerization (Yang et al., 
2008; Sakamoto et al., 2009). The aromatic periphery of the 
polymers consist of branched alkyl chains at their adjacent 
positions, which contributes to the resulting GNR being quite 
soluble in common organic solvents, and furthermore sup-
presses aggregation in solution (Wasserfallen et  al., 2006). 
Characterization of the fabricated GNR was performed by 
UV/Vis absorption spectroscopy and STM analysis confirm-
ing the lengths of up to 12 nm, thus showing the evidence 
of complete cyclodehydrogenation of the polyphenylene 
precursor.

The aforementioned synthetic procedures have limitations 
in terms of the length of the fabricated nanoribbons. Strong 
aggregation of rigid polyphenylene backbones significantly 
limits the solubility of the precursors in the polymerization 
step. To overcome this limitation, Treier et al. (2011) reported 
a new strategy for nanoribbon fabrication having a kinked 
polyphenylene backbone. This design led to a considerably 
increased solubility of poly(o-phenylene-p-phenylene) sys-
tems. The precursors used in this technique can be produced 
by microwave-assisted Suzuki polycondensation of ortho-
dibromobenzenes and benzene-1,4-diboronic esters. The 
resulted nanoribbon is soluble in common organic solvents; 
thus it is possible to process the GNR to conduct further struc-
tural characterizations.

The bottom-up organic synthesis of ribbon-like graphene 
assisted by wet chemicals is a common research interest of 

100 nm

30 nm

10 nm

5 nm

5 nm

0.4 nm

=

FIGURE 9.8 STM image of PAH ribbon on HOPG and corre-
sponding model of molecular arrangement of the aromatic core. 
The values of intracolumnar (0.4 nm) and intercolumnar (5 nm) 
spacing are obtained from STM measurements. (Reprinted with 
permission from Fogel, Y. et  al., Graphitic nanoribbons with 
dibenzo[e,l]pyrene repeat units: Synthesis and self-assembly. 
Macromolecules 42:6878–6884. Copyright 2009 American 
Chemical Society.)
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graphene-related studies due to its vast progress and scope. 
However, several experimental drawbacks still need to be 
resolved when conducting the procedure. For example, there 
is a lack of availability of the different precursors suitable to 
the graphenization process, which is the final and vital step of 
overall graphitization reactions. Additionally, currently, only 
photoinduced cyclodehydrogenation is considered to be an 
efficient way for small stilbene-type precursors (Zhang et al., 
2010). Other intramolecular oxidative cyclodehydrogenations 
under Scholl reaction conditions (Lewis acids/oxidants) expe-
rience intrinsic troubles of reactivity and regioselectivity. It 
is not obvious that every polyphenylene precursor can be eli-
gible for graphenization due to some partial reactions (Feng 
et al., 2006), sudden rearrangements of precursors (Dou et al., 
2007), or lack of region-selectivity (Pradhan et  al., 2011). 
Therefore, researchers are required to invent alternative tech-
niques for nanoribbon synthesis such as modern transition 
metal-catalyzed cross-coupling reactions applicable for aryl–
aryl bond development. If the above limitations can be sorted 
out, new approaches may offer routes for the fabrication of 
even larger graphene-like structures.

9.5.3 larGe-SCale Solution SyntheSiS

One particular interest of GNR synthesis lies in the novel 
solution-based methods, which, compared to surface-limited 
coupling techniques, could yield bulk quantities of GNR for 
large-scale applications (Chen et  al., 2012; Schwab et  al., 
2012). A recent theoretical study suggests that GNR are very 
promising materials for optoelectronic applications (Wang 
et al., 2012) that will require large quantities of such GNR. 
Timothy et al. (2014) has demonstrated a solution-based syn-
thetic method for large quantities of GNR with ~1 nm width, 
having length >100 nm, and self-assembled in highly oriented 
micrometer-long superstructures. These GNR could have 
high aspect ratio and comprise atomically presided armchair 
edges, and the assemblies are long enough to bridge nanogaps 
fabricated by the standard electron-beam lithography (EBL) 
(Chen et al., 2001; Fursina et al., 2008). The particular GNR 
fabrication method that was attempted by Timothy et  al. 
(2014) is shown in Figure 9.9.

These GNR have a width of approximately 1 nm and 
even armchair edges as shown in Figure 9.9a. According to 
the density function calculations (Cai et al., 2010) shown in 
Figure 9.9b, this ribbon has an electronic band gap of ~1.6 eV, 
and an even higher value can be achieved applying an alterna-
tive computational method (Ruffieux et al., 2012). This value 
is highly competitive to that exhibited by silicon (1.1 eV), 
signifying the possibility to utilize GNR for the manufacture 
of FETs with high on–off ratios. The reaction scheme used 
to synthesize GNR by this particular method is illustrated 
in Figure 9.9c. In brief, the reaction process to form GNR is 
based on a polymerization of presynthesized molecular pre-
cursors by a Ni0-mediated Yamamoto coupling (Yamamoto 
et  al., 1992) followed by a cyclodehydrogenation through a 
Scholl reaction aided by iron (III) chloride (Simpson et  al., 
2004). The process has been demonstrated as a highly scalable 

approach and over 1 g of ribbons could be synthesized in a 
single attempt (Timothy et al., 2014).

9.6 DIRECT GROWTH OF GNR

9.6.1 Growth uSinG a CatalySt

Multilayer graphene structures with limited widths can be 
obtained in similar ways as CNT synthesized from catalyzed 
growth on metal or carbide nanoclusters in a CVD process. 
This has been demonstrated as early as 1990 (Murayama 
et al., 1990) when nanostructured ribbons of graphite were 
produced via decomposition of CO/H2/Fe(CO)5 at a tem-
perature of 400–700°C. These graphite ribbons contained 
iron carbide particles at the end and possessed dimensions 
of 10 µm length, 100–700 nm width, and 10–200 nm thick-
ness. Recently, Mahanandia et  al. (2008) conducted some 
investigations to fabricate graphite filaments by performing 
ferrocene and THF decomposition at 950°C. Some addi-
tional studies were conducted with the decomposition of fer-
rocene/ethanol/thiophene also at 950°C (Campos-Delgado 
et  al., 2008). The latter approach offered more significant 
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outcomes by producing ribbons of ~40 graphene layers thick-
ness, 20–300 nm in width, and tens of microns in length. 
Kang et  al. (2011) proposed another simple new procedure 
to synthesize long and straight GNR with a high yield. This 
method employs CVD graphene substrate and a ZnO nanow-
ire as the hardmask for GNR patterning. The dimensions of 
the GNR have been reported as ~8 µm long and ~50–100 nm 
wide having high density with no additional trimming, and 
~10% device yield was reported with a top-down patterning 
method.

9.6.2 Growth at SurFaCeS

In the formation of nanoribbons, surfaces may act as a tem-
plate if they exhibit morphologies that can support the assem-
bly of nanostructures. However, there are no recent studies 
that clearly demonstrate the microscopic means by which 
such surface morphologies can effectively be used for the fab-
rication of GNR. Soe et  al. (2001) and Shikin et  al. (2002) 
reported the use of vicinal Ni surfaces for the growth of GNR. 
However, some other findings that graphene easily grows 
across step edges throw some questions on these reports. 
The use of a carbide surface has been shown to be effective 
by some researchers. For example, a TiC surface has been 
claimed to be a useful template for growing graphene with 
limited lateral extend (Terai et al., 1998). A TiC(111) surface 
facets into “pyramids” with (100) microfacets of ~200 nm 
upon annealing. Graphene can be grown on this microfaceted 
surface as demonstrated by angle-resolved photoemission 
spectroscopy (ARPES). A vicinal TiC(410) surface exhibits 
(100) terraces of 0.886 nm width and it was suggested that this 
allows the growth of GNR of the same size.

Recently, Cai et  al. (2010) reported an exciting new 
approach of designing GNR and other graphene nanostruc-
tures. In their experiments, surface-assisted coupling of mol-
ecules into chains was conducted and subsequently, precursor 
hydrocarbon molecules with two halogen endgroups were 
deposited on a gold or silver surface from a Knudsen cell. 
Biradical species are formed at the deposition temperatures 
of ~200°C when the halogen atoms are removed from the pre-
cursor molecules. When the radical species diffuse across the 
surface, they undergo radical addition reaction. A completely 
aromatic system establishes due to the successive annealing 
of surface-assisted cyclodehydrogenation reaction at higher 
temperatures (~450°C). For example, 10,10′-dibromo-9,9′ 
bianthryl precursors results in GNR of uniform width with 
armchair edges and seven carbon rows wide. More appro-
priate precursors may allow the selection of the width of 
the GNR, or more complex graphene nanostructures can be 
achieved such as zigzag wires or Y-junctions within the wires. 
The adaptability and high accuracy of this approach by which 
the ribbon size and morphology can be controlled makes 
this a promising technique for synthesizing GRNs with well-
controlled, predefined properties. However, practically, this 
approach may face some challenges such as the scalability 
of the process and the controlled transfer of the ribbons into 
applicable devices. The controlled assembly of GNR appears 

to be a similar problem to that of making CNT-based elec-
tronic devices.

9.6.3 Step-templated Cvd Growth oF Gnr

Ago et al. (2012) presented the growth of a hybrid structure 
of aligned GNR supported by a single-layer GS through the 
CVD process. The step structure was created on an epitax-
ial Co film assisted by the surface steps formed on a miscut 
sapphire substrate, which also allows the graphene segrega-
tion along the Co steps. The GNR are aligned normal to the 
miscut direction of the sapphire and the width of the aligned 
GNR is ~200–800 nm and the aspect ratio is reported higher 
than 100. This report suggests that a large-area, single-layer 
graphene film grows over the aligned GNR, making a GNR–
graphene hybrid nanostructure. The isolation of aligned GNR 
from the graphene film is conducted by using oxygen plasma 
treatment or partial transfer process of the hybrid film. These 
findings on the fabrication of highly aligned GNR offer new 
insights into the formation mechanism of graphene and can 
be applied for the synthesis of more advanced graphene struc-
tures for future electronic applications.

9.7  THEORETICAL STUDIES FOR 
GNR FABRICATION

9.7.1 unzippinG Cnt to Gnr

Quite a few theoretical calculations have been committed to 
the understanding of the unzipping mechanism of CNT at 
its atomic level. Rangel et  al. (2009) investigated oxidation 
unzipping of armchair SWNT and found that the unzipping 
started with KMnO4 attacking, stretching, and breaking one 
of the C–C bonds perpendicular to the CNT axis. The neigh-
boring parallel C–C bonds are weakened due to the conse-
quential defect in the longitudinal direction being more easily 
attacked. The initial attack took place more easily in the mid-
dle than at the ends of the CNT.

Zhang et al. (2010) demonstrated the oxidative longitudi-
nal unzipping of SWNT with different diameters and chirali-
ties. Their computations signify that the highly strained C–C 
bond with a maximum angle to the tube axis breaks first. 
Subsequently, the breakage of the adjacent C–C bond paral-
lel to the broken one gives rise to the continuous unzipping 
of CNT to GNR. In some other reports, it has been demon-
strated that the oxygen atoms are satisfactorily adsorbed on 
small-diameter CNT walls to form unzipped C–O–C epoxy 
chains along a direction with minimum angle to the tube axis 
(Li et al., 2006; Guo et al., 2010). It has been considered that 
the highly curved sidewalls of deformed armchair SWNT 
are energetically the most favorable areas to adsorb oxy-
gen atoms. This process leads to the formation of unzipped 
C–O–C epoxy chains and further oxidation would break the 
epoxy groups into carbonyl groups, leading to the formation 
of bilayer ZZ-GNR (Guo et al., 2010).

Berashevich and Chakraborty (2011) and Wang (2010) 
proposed some other theoretical models through their 
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investigations, such as the unzipping of hydroxyl group sat-
urated and deformed CNT under chemical attack, anneal-
ing hydrogenated CNT, and hydrogen loading at open CNT 
ends to unzip CNT into GNR. According to these theoreti-
cal models, they have demonstrated that an easier attack on 
C–C bonds of CNT may be experienced if they are closer 
to the perpendicular direction of the CNT axis. In addition, 
the smaller the CNT chiral angle, the harder the unzipping 
of CNT, and the smaller the CNT diameter, the easier the 
unzipping of CNT. Recently, Wang et  al. (2011) reported a 
unique method of the metal-catalyzed unzipping of SWNT 
to synthesize narrow GNR in H2 gas at a moderate tempera-
ture (200–300°C). This method is viable for most transition 
metals, such as Mn, Fe, Co, Ni, Pd, and Pt, and SWNT with 
different diameters, lengths, and chiralities. These transition 
metals may lower the dissociation barrier of the H2 molecule 
in the CNT unzipping process. Additionally, they are able to 
catalyze the reaction of C–C bond breakage. Besides, H ter-
mination of edge C atoms along the cutting channel is essen-
tial for driving the movement of the catalyst atom forward. At 
the final stage, the SWNT can be catalytically cut into long 
and narrow ZZ-GNR with the assistance of single transition 
metal atom. The aforementioned process is quite acceptable 
for fabricating high-quality GNR at a moderate temperature, 
and if it can be achieved experimentally, it would be a major 
advancement for GNR-aided electronic device fabrication 
(Ma et al., 2013).

9.7.2 oxidation CuttinG oF Graphene

An unzipping mechanism of graphene oxide has been 
reported by Li et al. (2006) where the formed epoxy groups 
preferentially aligned in a line throughout the oxidation 
course of graphene. In another report, Li et al. (2009) further 
exposed the technique how oxygen attack can transform a 
pair of epoxy groups into a pair of carbonyl groups and the 
rupture of graphene preloaded with epoxy chains. The cut-
ting directions of GSs are random during oxidation because 
of their highly symmetrical honeycomb lattice, and lead to 
graphene quantum dots. Therefore, it is not possible to fabri-
cate GNR with smooth edges by the aid of an oxygen-atom 
attack. Recently, by employing density functional theory 
(DFT) calculations, Ma et  al. (2012) proposed an effective 
way of cutting strained graphene into GNR along a specific 
direction. They reported that the presence of uniaxial exter-
nal strain guides the alignment of O atoms along a ZZ direc-
tion that is closely perpendicular to the strain. Additionally, 
the uniaxial external strain considerably lowers the reaction 
barrier and enthalpy of reaction of graphene cutting along 
the same ZZ direction. Besides, the functional strain signifi-
cantly increases the reaction barrier of cutting along other 
unexpected directions. GNR with large and controllable 
aspect ratios are expected to be produced by the oxygen cut-
ting of strained graphene. Hence, orientation-selective cut-
ting of graphene by using oxidation can be considered as 
an effective way to fabricate GNR with defined dimensions 
(Ma et al., 2012).

9.8 SUMMARY AND PERSPECTIVE

A reliable introduction of a band gap in graphene is possible 
by cutting it into narrow strips, termed as GNR. This approach 
constitutes the most straightforward way that allows graphene 
structures to enroll in potential electrical applications. In the 
context of this work, we discussed the recent progress of GNR 
fabrication from both experimental and theoretical aspects.

A simple but promising method is to prepare GNBs for 
top-down processing of GNR. Plasma etching on mechani-
cally exfoliated graphene can also be considered significant 
for GNR fabrication through the nanotomy process. In addi-
tion, metal nanoparticle catalyzed cutting of graphene pro-
duces a graphene nanostructure with well-defined armchair 
or zigzag edges, but changes in the cutting direction lead to 
graphene quantum dots instead of GNR. Apart from graphene 
processing, synthesis of GNR through the longitudinal unzip-
ping of CNT is a very promising strategy to achieve mass 
production of high-quality GNR, since large-scale fabrica-
tion of high-quality CNT has now been achieved. However, 
to synthesize GNR with uniform widths and smooth edges, 
the synthesis of CNT with narrow diameter distribution, fixed 
number of concentric cylinders, and probably specific chiral-
ity is a prerequisite. GNR currently produced from MWNT 
through physical deformation or calcination offers high qual-
ity and selectiveness of the prepared nanoribbons. As most 
CNTs are currently unzipped large-diameter MWNT, devel-
oping methods of cutting small-diameter SWNT is pressing. 
Recently, SWNT samples with encapsulated GNR aligned in 
a similar direction have been proven to be useful for some 
electrical applications.

Regardless of nanoscale material processing, the concept 
of surface-arbitrated synthesis of GNR has been found to be 
exceptionally significant for the polymerization of aromatic 
precursors with halogen groups. The use of aromatic precur-
sors leads the process in order to fabricate atomically precise 
GNR. Moreover, the encouraging results of the solution syn-
thesis of GNR have already determined the direction of future 
research efforts. The major concern regarding the method is to 
accomplish with high-molecular-weight precursor polymers, 
which can successfully formulate GNR with a large aspect 
ratio. Another type of linear nanoribbons can be synthesized 
by using Suzuki polymerization. In this method, the aromatic 
periphery of the polymers consist of branched alkyl chains 
at their adjacent positions, which contribute to the resulting 
GNR being quite soluble in common organic solvents, and 
furthermore suppresses aggregation in solution.

Multilayer graphene structures with limited widths can be 
obtained in similar ways as CNT synthesized from catalyzed 
growth on metal or carbide nanoclusters in a CVD process. 
GNR produced through the CVD method offers high density 
with no additional trimming, and a significant device yield can 
be obtained through this top-down patterning method. Also, 
the growth of a hybrid structure of aligned GNR supported 
by a single-layer GS is possible through the CVD process. A 
large-area, single-layer graphene film grows over the aligned 
GNR, making a GNR–graphene hybrid nanostructure. CVD 
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methods can achieve bulk production of GNR, but the width, 
edge roughness, and thickness of the obtained GNR are 
mostly not promising. In the formation of nanoribbons, sur-
faces may act as a template if they exhibit morphologies that 
can support the assembly of nanostructures. The adaptability 
and high accuracy of this approach by which the ribbon size 
and morphology can be controlled makes this a promising 
technique for synthesizing GRNs with well-controlled, pre-
defined properties. However, practical application may face 
some challenges such as the scalability of the process and the 
controlled transfer of the ribbons into applicable devices.

Quite a few theoretical calculations have been committed 
to the understanding of the unzipping mechanism of CNT at 
its atomic level. Some computations signify that the highly 
strained C–C bond with a maximum angle to the tube axis 
breaks first. Subsequent breakage of the adjacent C–C bond 
parallel to the broken one gives rise to the continuous unzip-
ping of CNT to GNR. Rather than CNT unzipping, DFT cal-
culations offer an effective way of cutting strained graphene 
into GNR along a specific direction. The aforementioned 
theoretical processes are quite acceptable for fabricating high-
quality GNR, and if they can be achieved experimentally, it 
would be a major advancement for GNR-aided electronic 
device fabrication.

REFERENCES

Ago, H., Ito, Y., Tsuji, M. et al. 2012. Step-templated CVD growth 
of aligned graphene nanoribbons supported by a single-layer 
graphene film. Nanoscale 4:5178–5182.

Alexander, S. and James, M. T. 2012. Patterning graphene nanorib-
bons using copper oxide nanowires. Appl. Phys. Lett. 
100:103106.

Bai, J., Duan, X., and Huang, Y. 2009. Rational fabrication of gra-
phene nanoribbons using a nanowire etch mask. Nano Lett. 
9:2083–2087.

Baker, R., Sherwood, R., and Derouane, E. 1982. Further studies of 
the nickel/graphite-hydrogen reaction. J. Catal. 75:382–395.

Berashevich, J. and Chakraborty, T. 2011. Zipping and unzipping of 
nanoscale carbon structures. Phys. Rev. B 83:195442.

Cai, J., Ruffieux, P., Jaafar, R. et al. 2010. Atomically precise bottom-
up fabrication of graphene nanoribbons. Nature 466:470–473.

Campos, L. C., Manfrinato, V. R., Sanchez-Yamagishi, J. D. et al. 
2009. Anisotropic etching and nanoribbon formation in sin-
gle-layer graphene. Nano Lett. 9:2600–2604.

Campos-Delgado, J., Romo-Herrera, J. M., Jia, X. et al. 2008. Bulk 
production of a new form of sp(2) carbon: Crystalline gra-
phene nanoribbons. Nano Lett. 8:2773–2778.

Cano-Márquez, A. G., Rodríguez-Macías, F. J., Campos-Delgado, 
J. et al. 2009. Ex-MWNTs: Graphene sheets and ribbons pro-
duced by lithium intercalation and exfoliation of carbon nano-
tubes. Nano Lett. 9(4):1527–1533.

Chen, L., Hernandez, Y., Feng, X. et al. 2012. From nanographene 
and graphene nanoribbons to graphene sheets: Chemical syn-
thesis. Angew. Chem. Int. Ed. 51:7640–7654.

Chen, Y. and Pepin, A. 2001. Nanofabrication: Conventional and 
nonconventional methods. Electrophoresis 22:187–207.

Choi, D. H., Wang, Q., Azuma, Y. et al. 2013. Fabrication and char-
acterization of fully flattened carbon nanotubes: A new gra-
phene nanoribbon analogue. Sci. Rep. 3:1617.

Ci, L., Song, L., Jariwala, D. et  al. 2009. Graphene shape control 
by multistage cutting and transfer. Adv. Mater. 21:4487–4491.

Ci, L., Xu, Z., Wang, L. et al. 2008. Controlled nanocutting of gra-
phene. Nano Res. 1:116–122.

Colbert, D. T., Zhang, J., McClure, S. M. et al. 1994. Growth and 
sintering of fullerene nanotubes. Science 266:1218–1222.

Datta, S. S., Strachan, D. R., Khamis, S. M. et al. 2008. Crystallographic 
etching of few-layer graphene. Nano Lett. 8:1912–1915.

Dou, X., Yang, X., Bodwell, G. J. et al. 2007. Unexpected phenyl 
group rearrangement during an intramolecular scholl reaction 
leading to an alkoxy-substituted hexa-peri-hexabenzocoro-
nene. Org. Lett. 9:2485–2488.

Dua, V., Surwade, S. P., Ammu, S. et  al. 2010. All-organic vapor 
sensor using inkjet-printed reduced graphene oxide. Angew. 
Chem. Int. Ed. 49:2154–2157.

Elias, A. L., Botello-Mendez, A. R., Meneses-Rodriguez, D. et al. 
2010. Longitudinal cutting of pure and doped carbon nano-
tubes to form graphitic nanoribbons using metal clusters as 
nanoscalpels. Nano Lett. 10:366–372.

Feng, X. L., Wu, J. S., Enkelmann, V. et  al. 2006. Hexa-peri-
hexabenzocoronenes by efficient oxidative cyclodehydroge-
nation: The role of the oligophenylene precursors. Org. Lett. 
8:1145–1148.

Fogel, Y., Zhi, L. J., Rouhanipour, A. et al. 2009. Graphitic nanorib-
bons with dibenzo[e,l]pyrene repeat units: Synthesis and self-
assembly. Macromolecules 42:6878–6884.

Fujii, S. and Enoki, T. 2010. Cutting of oxidized graphene into nano-
sized pieces. J. Am. Chem. Soc. 132:10034–10041.

Fursina, A., Lee, S., Sofin, R. G. S., Shvets, I. V., and Natelson, D. 
2008. Nanogaps with very large aspect ratios for electrical 
measurements. Appl. Phys. Lett. 92:113102.

Guo, Y. F., Jiang, L., and Guo, W. L. 2010. Opening carbon nano-
tubes into zigzag graphene nanoribbons by energy-optimum 
oxidation. Phys. Rev. B 82:115440.

Guo, Y. F., Zhang, Z. H., and Guo, W. L. 2010. Selective oxidation of 
carbon nanotubes into zigzag graphene nanoribbons. J. Phys. 
Chem. C 114:14729–14733.

Gutiérrez, H. R., Kim, U. J., Kim, J. P. et al. 2005. Thermal con-
version of bundled carbon nanotubes into graphitic ribbons. 
Nano Lett. 5:2195.

Han, M. Y., Ozyilmaz, B., Zhang, Y. B. et al. 2007. Energy band-gap 
engineering of graphene nanoribbons. Phys. Rev. Lett. 98:206805.

Hassan, J., Sevignon, M. C., Gozzi, E. et al. 2002. Aryl-aryl bond 
formation one century after the discovery of the Ullmann 
reaction. Chem. Rev. 102:1359–1470.

Higginbotham, A. L., Kosynkin, D. V., Sinitskii, A. et  al. 2010. 
Lower-defect graphene oxide nanoribbons from multiwalled 
carbon nanotubes. ACS Nano 4:2059–2069.

Huang, M., Yan, H., Chen, C. et al. 2009. Phonon softening and 
crystallographic orientation of strained graphene studied by 
Raman spectroscopy. Proc. National Academy of Sci. United 
States of America, 106:7304–7308.
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10 Functionalized Graphene
Synthesis and Its Applications 
in Electrochemistry

Farnoush Faridbod, Ali Mohajeri, Mohammad Reza Ganjali, and Parviz Norouzi

ABSTRACT

Recently, there has been an extreme interest in using graphene 
materials in electrochemistry due to their remarkable physical 
and chemical properties including high surface area, excellent 
conductivity, high mechanical strength, and ease of function-
alization and mass production.

Graphene oxides are synthesized, reduced, and/or function-
alized to be used in the development of many electrochemi-
cal analysis systems. They are unique mediators for charge 
transfers and transduction of chemical signals to increase the 
signal-to-noise ratio.

In this chapter, an overview of the synthesis of graphene 
oxide, its reduction, and its functionalization with various 
organic materials are discussed and then, particular emphasis 

is directed toward its electrochemical properties as a modifier 
of electrodes, through considering the different applications 
of graphene derivatives in electrochemical methods.

Graphene-based electrodes are widely used for the deter-
mination of various ions and pharmaceutical, toxicological, 
and environmentally important molecules and are also used 
in direct electrochemistry of enzymes, or small biomole-
cules such as hydrogen peroxide, and nicotinamide adenine 
dinucleotide.

10.1  INTRODUCTION TO THE 
GRAPHENE FAMILY

Graphene, one of the significant allotropes of carbon, is the 
parent of all graphitic structures (Figure 10.1). In this material, 
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a flat monolayer of carbon atoms, in which sp2-carbons are 
bonded in a regular hexagonal pattern, is closely packed into 
a two-dimensional (2D) honeycomb lattice.

Graphene is the basic building block for graphitic materials 
of all other dimensionalities. It can be wrapped up into zero 
dimension (0D) to form fullerenes, or rolled into one dimen-
sion (1D) to form nanotubes, or stacked into three dimensions 
(3Ds) in case of graphite. Hence, it can be said that graphene 
is a one-atom thick layer of the mineral  graphite (many gra-
phene layers are stacked together by weak van der Waals 
forces and π–π stacking). But, a single-layer graphene (SG) 
is an ideal form, because it is almost impossible to produce 
only monolayers of graphene by current fabrication methods. 
Therefore, what is called graphene can include anything from 
one to several layers. The exact number of layers (N) criti-
cally affects the properties, especially for low values of N. 

Stacks with N ≥ 12 behave more like thin-film graphite than 
graphene (Geim and Novoselov 2007; Ratinac et al. 2011).

Three different types of graphenes can be defined:

• SG
• Bilayer graphene (BG)
• Few-layer graphene (FG, number of layers ≤10)

Single-layer and BG were first obtained by micromechani-
cal cleavage; now, several other strategies have been devel-
oped for the synthesis of the graphene family.

Although graphene is expected to be perfectly flat, some 
ripples occur because of thermal fluctuations. The ripples are 
less in bilayers and absent for multilayer graphene, this means 
that the deformations are intrinsic to the graphene structure 
itself. Owing to its unique properties, from the time of its dis-
covery (Table 10.1) in 2004 to now (Novoselov et al. 2004), 
graphene and its derivatives have found interesting applica-
tions in various fields of science.

10.2  INTRINSIC PROPERTIES OF 
GRAPHENE MATERIALS

Graphene properties are sensitive to the number of  layers 
stacked, which makes it possible to categorize single-,  double-, 
and FG as different materials. However, some intrinsic behav-
iors (Figure 10.2) are common.

In general, graphene materials possess a large theoretical 
specific surface area (~2630 m2 g−1), high intrinsic mobility 
(~200,000 cm2 V−1 s−1), high Young’s modulus (~1.0 TPa), 
high thermal conductivity (~5000 Wm−1 K−1), and optical 
transmittance (~97.7%). These properties make them suitable 
for various applications especially in electrochemistry (Zhu 
et  al. 2010). Other properties can be added to the intrinsic 
properties of graphene by various types of functionalization.

10.3  ELECTROCHEMICAL PROPERTIES 
OF GRAPHENE MATERIALS

Recently, there has been an extreme interest in using graphene 
materials in electrochemistry due to their remarkable physical 

2D graphene

Graphite

Graphene
π–π stack

Fullerene

MWCNT

SWCNT

FIGURE 10.1 Graphene with a honeycomb lattice, the parent of 
all graphitic structures.

TABLE 10.1
A Historical Review on Graphene Discovery

Year Finding References

Before 2004 Graphene was previously referred to the graphite layers that had various compounds inserted between 
them. But, in 1977, according to IUPAC recommendation, the term “graphene” was to be used only 
when the reactions, structural relations, or other properties of individual layers are discussed.

The home of graphene 
(http://www.graphene.
manchester.ac.uk)

Scientists knew 2D crystal graphene existed. But no one knew how to extract it from graphite.

2004 Isolation of graphene by two Russian-born researchers, Andre Geim and Kostya Novoselov, from the 
University of Manchester.

Novoselov et al. (2004)

2007 Different types of graphenes were defined (SG, BG, and FG). Geim and Novoselov (2007)

2010 Nobel Prize in Physics for groundbreaking experiments regarding 2D graphene. Geim and Novoselov (2010)

2010–2014 Synthesis, functionalization, and application in various fields of science. Will be discussed here
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and chemical properties such as high surface area, excellent 
conductivity, high mechanical strength, and ease of function-
alization and mass production.

The electronic properties of graphene also depend on the 
number of layers stacked. As N increases, several mechanisms 
for electrons and holes transporting start to appear in the 
structure. Consequently, multilayer graphene such as graph-
ite behaves as a semimetal material. By a decrease in N, the 
overlap between the conduction and valence bands decreases 
and the concentration and types of electrons and holes also 
turn down. Thus, less metallic behavior can be seen as layers 
are removed, until reaching a single layer. In monolayer gra-
phene, a zero-gap semiconductor (or zero-overlap semimetal) 
is observed due to the different mechanism of charge trans-
port (Ratinac et al. 2011).

However, in overall terms, graphene materials exhibit wide 
electrochemical potential windows (about 2.5 V in 0.1 M PBS 
pH = 7.0) (Zhou et al. 2009), which are comparable to that of 
graphite, glassy carbon (GC), and even boron-doped diamond 
electrodes. Also, the charge-transfer resistance on graphene 
materials determined by alternating current (AC) impedance 
spectra is much lower than that of graphite and GC elec-
trodes. The electron transfer (ET) behavior studies of gra-
phene using cyclic voltammetry (CV) of redox couples, such as 
(Fe[CN]6)3–/4− and (Ru[NH3]6)3+/2+ showed well-defined redox 

peaks (Lin et al. 2009; Tang et al. 2009; Yang et al. 2009). Both 
anodic and cathodic peak currents in the CVs are linear with 
the square root of the scan rate, which suggest that the redox 
processes on graphene-based electrodes are predominantly 
diffusion controlled. The peak-to-peak potential separations 
(ΔEp) in CVs for most one-electron-transfer redox couples are 
quite low, very close to the ideal value of 59 mV. The peak- to-
peak potential separation is related to the ET coefficient, and 
a low ΔEp value indicates a fast ET for a single-electron elec-
trochemical reaction on graphene. Also, the ET rates for Fe3+/2+ 
at graphene electrodes are several orders of magnitude higher 
than that at GC electrodes (Shao et al. 2010).

Many other advantages can be added to the intrinsic elec-
trical properties of graphene by various functionalizations. 
As we will see, graphene can be oxidized or reduced and/or 
functionalized to be used in the development of many elec-
trochemical analysis systems. These materials can act as 
unique mediators for charge transfers and transduction of the 
chemical signals to increase the signal-to-noise ratio in elec-
trochemical sensors/biosensors.

10.4 OVERVIEW OF GRAPHENE SYNTHESIS

Many reviews have comprehensively discussed different syn-
thesis methods of graphene and its derivatives (Wu et al. 2007; 
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FIGURE 10.2 Some common intrinsic properties of graphene compounds.
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Park and Ruoff 2009; Rao et  al. 2009; Choi et  al. 2010; 
Compton and Nguyen 2010; Gengler et al. 2010; Yang et al. 
2010). Here, we will only point briefly to these methods. 
Generally, there are two basic approaches for the synthe-
sis of nanostructures, top-down and bottom-up approaches. 
The top-down approach begins with macroscopic structures, 
breaking them down into smaller ones. In the bottom-up 
approach, the nanomaterial is grown from atoms, in the pres-
ence of catalysts or thermal degradation of suitable precursors 
(Zhi and Müllen 2008).

10.4.1 top-down approaCh

In this section, we will see the synthesis of graphene through 
the micromechanical exfoliation of graphite, conversion into 
graphene oxide (GO), and then reduction or annealing.

10.4.1.1 Mechanical Exfoliation of Graphite
Mechanical exfoliation can be easily done by using an adhe-
sive tape to weaken the van der Waals interaction force (2 eV−1 
nm2). This way was first shown by rubbing microfabricated 
arrays of graphite micropillars. One single pillar can be 
micromanipulated with a sharp glass tip to deposit it on a 
desired location. Then, the glass tip can be used to repeatedly 
exfoliate flakes from a graphite crystal in situ.

Novoselov and Geim (2004) used a common adhesive tape 
to repeat the stick-and-peel process a dozen times that statisti-
cally brings a 1-µm- thick graphite flake to a monolayer-thin 
sample. One drawback of the tape technique is leaving the 
glue residue on the sample that limits the carrier mobility. A 
postdeposition heat treatment is required to remove the glue 
residue. Baking in hydrogen/argon environment (1 h at 200°C) 
or alternatively Joule heating under vacuum up to about 500°C 
are the two routinely used methods (Soldano et al. 2010).

10.4.1.2 Chemical Exfoliation of Graphite
Chemical exfoliation proceeds by weakening the van der 
Waals interaction force through the insertion of reactants or 
functional groups in the interlayer space of graphene sheets. 
Thus, the sp2 lattice is partially degraded into an sp2–sp3 sheet 
that possesses less π–π stacking stability. Chemical exfolia-
tion can be performed in the suspension. Hence, upscalabil-
ity is simple and can offer a method for large-scale graphene 
production.

Graphite flakes that are composed of highly rehybridized 
carbon sheets with hydroxyl and carboxyl moieties can be 
produced by oxidative intercalation of potassium chlorate in 
concentrated sulfuric and nitric acids. This suspension was 
initially named graphitic acid but is now more commonly 
known as graphite oxide. Graphite intercalation materials 
that were obtained by intercalation of sulfuric acid between 
graphite layers are commonly used in chemical and electro-
chemical industrial applications, as “Expandable Graphite” 
(Kang et al. 1997; Dresselhaus and Dresselhaus 2002). This 
material is an available source for exfoliation and further col-
loidal dispersion to produce GO material. However, a sim-
pler way to produce GO is heating graphite powder in highly 

acidic conditions (~18 M). Ultrasonication can be used to help 
the further separation of the graphite oxide into individual 
GO sheets.

During oxidation, many sp2 bonds in the graphene are con-
verted into sp3 bonds by the formation of hydroxyl and epoxide 
groups on the basal planes and carboxyl and carbonyl groups 
on the edges. All these groups are polar and some of them can 
be ionized in appropriate pH ranges. Thus, they cause the col-
loidal stability of GO suspension in polar solvents to disperse 
the GO into a few layers or even single layers by simple soni-
cation or stirring in water. GO solutions are normally yellow 
when high GO concentrations are present and greenish blue 
when nonoxidized graphene sheets are the major constituents 
(Titelman et al. 2005).

Although oxidative intercalation and exfoliation are the 
dominant approaches for the production of single-sheet gra-
phene, a softer method was reported by Coleman et al., which 
is based on solvatation, that is, the enthalpic stabilization of 
dispersed graphene flakes by solvent adsorption. By knowing 
the fact that organic solvents have various efficiency to disperse 
purified nanotubes, the authors have directly dispersed and son-
icated pure graphite in solvents such as N-methyl-pyrrolidone 
(NMP), dimethylformamide (DMF), γ-butyrolactone (GBL), 
or dimethylacetamide (DMA). Although technically similar to 
the GO exfoliation, this simple protocol differs from it by the 
absence of the oxidation step.

10.4.1.3 Electrochemical Exfoliation of Graphite
Loh et al. (2010) used an electrochemical approach to obtain 
functionalized graphene sheets. They showed a facile one-pot 
ionic-liquid-assisted electrochemical exfoliation approach to 
obtain fluorescent carbon nanoribbons, nanoparticles (NPs), 
and graphene nanosheets from graphite. Exfoliation of ionic liq-
uids (ILs)-functionalized graphene sheets readily formed a sta-
ble colloidal suspension in DMF, dimethylsulfoxide (DMSO), 
and NMP. The chemical composition and surface passivation 
of the exfoliated materials can be controlled by changing the 
water/IL ratio in the electrolyte. The marriage between ILs and 
graphene can form a gel-like composite called “bucky gel” and 
these designer materials show great versatility for applications 
such as electrodes, capacitors, sensors, and actuators.

10.4.2 bottom-up approaCh

In the bottom-up approach, the synthesis of graphene-like 
polyaromatic hydrocarbon has been developed over the past 
15 years. By this approach, the size can be in the range of 
centimeters to 1 nm. Researchers are now reaching the sizes 
that are comparable to the narrowest nanofabricated ribbons. 
The bottom-up strategy graphene is synthesized by chemical 
vapor deposition (CVD) or noncatalytic thermal degradation 
from carbon materials.

10.4.2.1 Supported Growth Method
Decomposition of hydrocarbon materials into graphitic mate-
rials has been extensively studied, especially for the mass pro-
duction of carbon nanotubes. It is well documented that metal 
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surfaces can efficiently catalyze this conversion. The same 
way can be used for the production of graphene. A method 
for the growth of graphene from carbon material is CVD 
on metallic surfaces. In this method, decomposition of eth-
ylene on platinum substrates at approximately 800 K forms 
nanometer-sized, uniformly distributed graphene islands. The 
extension of graphene-covered areas increases with increasing 
growth temperature and a further thermal annealing removes 
a few pentagon–heptagon edges (Stone–Wales defects) (Stone 
and Wales 1986). Using nickel is much more preferable for 
nanotechnological processes. Nickel is one of the best work-
ing catalysts for carbon nanotubes, which was quite naturally 
adapted to graphene growth (Reina et al. 2009).

10.4.2.2  Thermal Decomposition of 
Precursors Method

The noncatalytic thermal degradation of silicon carbide at 
about 1300°C under vacuum causes the sublimation of sili-
con atoms while the carbon-enriched surface undergoes 
reorganization and graphitization. The careful control of the 
 sublimation has recently led to the formation of very thin 
graphene coatings over the entire surface of SiC wafers, with 
occasionally only one graphene layer being present. It is worth 
noting that other carbides have been used early on to produce 
supported graphene (Hibino et al. 2010).

10.5 FUNCTIONALIZATION OF GRAPHENE

Modification of graphene sheets with various functional 
groups has been developed for several purposes. The most 
important ones are

• The ability to disperse in common organic solvents 
that is usually achieved after the attachment of cer-
tain organic functional groups to the graphene sheets. 
(Sometimes for the preparation of nanocomposite 
materials from graphene, dispersion of  graphene 
sheets in organic solvents is needed.)

• Organic functional groups such as chromophores or 
ionophores can be attached to the sheets for sensing/
biosensing purposes.

• Functional groups can add new properties to the 
intrinsic properties of graphene materials or change 
them such as conductivity, electrocatalytic activity, 
hydrophobicity, and electrochemistry.

Graphene nanosheets can be functionalized by different 
organic and inorganic groups. These attachments can be done 
in a covalent or noncovalent manner (Figure 10.3).

10.5.1 Covalent attaChmentS by orGaniC GroupS

Covalent attachments of organic functional groups to the gra-
phene surface often perturb its extended aromatic character. 
Thus, control of its electronic properties can be possible. The 
modification of a band gap of graphene by chemical doping is 
demanded in nanoelectronic devices.

The organic covalent functionalization reactions of gra-
phene include two general routes:

 a. Formation of covalent bonds between free radicals 
or dienophiles and carbon double bonds of pure 
graphene.

 b. Formation of covalent bonds between the oxygen 
groups of GO and functionalization reagents.

10.5.1.1  Covalent Attachment of Functionalities to 
Carbon Double Bonds of Pure Graphene

The most attractive organic species for the reaction with sp2 
carbons of graphene are organic free radicals or dienophiles. 
Upon heating of a diazonium salt, a highly reactive free radi-
cal is produced, which attacks the sp2 carbon atoms of gra-
phene, forming a covalent bond. This reaction has been used 
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FIGURE 10.3 Schematic diagram that shows different approaches 
of functionalized graphene.
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to decorate graphene with nitrophenyls (Georgakilas et  al. 
2012). Another free radical addition method includes the 
reaction of benzoyl peroxide with graphene sheets. Graphene 
was deposited on a silicon substrate and immersed in a ben-
zoyl peroxide/toluene solution. The reaction was initiated 
photochemically, by focusing an Ar-ion laser beam onto the 
graphene sheets in the solution. Azomethine ylide, a reac-
tive intermediate, which reacts through a 1,3 dipolar cyclo-
addition, is one of the most common dienophiles that have 
been successfully used in the functionalization of carbon 
nanostructures, fullerenes, nanotubes, onions, and nanohorns 
(Konstantinos et al. 2001; Georgakilas et al. 2003). This type 
of reaction affords a variety of organic derivatives, which dis-
play interesting applications in several areas; these include 
polymer composites, biotechnology, nanoelectronic devices, 
drug delivery, solar cells, and electrochemistry.

Georgakilas et al. showed that these graphene sheets could 
be substituted with pyrrolidine rings via a 1,3 dipolar cycload-
dition of azomethine ylide (Georgakilas et al. 2010). The gra-
phene sheets were decorated with dihydroxyl phenyl groups 
by pyrrolidine rings that were formed perpendicular to the 
graphene surface by the addition of azomethine ylide precur-
sors. The flexibility of this reaction procedure makes it impor-
tant because one is able to choose among several aldehydes 
or substituted α-amino acids as precursors, thus yielding a 
variety of desirable functional groups.

10.5.1.2  Covalent Attachment of Functionalities 
to Graphene Oxides

As mentioned above, GO can be considered as a single-gra-
phitic monolayer with randomly distributed aromatic regions 
(sp2 carbon atoms) and oxygenated aliphatic regions (sp3 car-
bon atoms) containing hydroxyl, epoxy, carbonyl, and car-
boxylate functional groups. The epoxy and hydroxyl groups 
lie above and below each graphene layer and the carboxylate 
groups exist usually at the edges of the layers.

GO is prepared either by methods based on the oxida-
tion of graphite with a strong acidic media, ozone (Huh et al. 
2011), or the chemical/thermal exfoliation of graphite oxide 
as mentioned above.

GO shows fundamentally different electronic proper-
ties compared to the individual semimetallic graphene layer 
obtained by mechanical exfoliation or supported growth. The 
presence of oxygen groups on the surface of GO provides 
a remarkable hydrophilic character and chemical reactiv-
ity. Polar groups can provide electroactive sites on the GO 
and increase the density of states for heterogeneous ET. 
Furthermore, GO has remarkable potentials as a single-sheet 
platform for further chemical functionalization as a support-
ing material, sensor interface, etc. However, the conductiv-
ity of GO is too small in comparison with graphene sheets 
due to the defect of sp3 carbons. To have graphene sheets that 
are able to functionalize or modify other molecules and have 
sufficient conductivity, reduced graphene oxide (RGO) was 
produced. A simple reduction of GO can remove the oxygen 
groups and rehybridize the affected sp3 to sp2 carbon atoms, 

hence increasing conjugation, aromatization, and decreasing 
the defects.

Several methods were used for the reduction of GO. By 
each approach, different changes in moieties occur. For exam-
ple, heating GO in a vacuum tends to release carbon monox-
ide and carbon dioxide, leaving many defects and dangling 
bonds in the RGO. In contrast, treating GO with hydrazine 
vapor (NH2–NH2) or hydrogen plasma tends to replace some 
of the oxygen-containing groups with nitrogen-containing 
species and leaves fewer defects (Eda et al. 2008). The elec-
trochemical reduction of GO is also another approach to 
produce RGO (Wang et al. 2009a). Without considering the 
reduction method, after any reductive treatment of GO, a criti-
cal number of oxygen groups and sp3 defects remain in the 
RGO. These defects affect the properties of the RGO, most 
importantly its electric conductivity.

In the GO functionalization, if the added groups are linked 
through the oxygen atoms of GO, the Raman spectra of the 
functionalized graphene show no significant changes from 
those of GO, since no further structural perturbation occurred. 
On the other hand, functionalization via carbon double bonds 
makes structural perturbation, changes the conjugation sys-
tem, and all the physical and spectral behavior of GO.

Georgakilas et  al. comprehensively reviewed different 
modifications and functionalizations of GO (Georgakilas 
et al. 2012). Here, we point to some of them as an example. 
Amine-terminated oligothiophenes can be grafted on GO 
nanoplatelets through covalent amide bonds. In an analogous 
approach, functionalization of GO with −CH2OH-terminated 
poly(3-hexylthiophene) (P3HT) through the formation of 
ester bonds with the carboxyl groups of GO nanoplatelets was 
reported (Georgakilas et al. 2012).

The simple organic chromophores such as porphyrins, 
phthalocyanines, and azobenzene with very interesting opto-
electronic properties have also been covalently attached 
on graphene nanoplatelets. GO can be functionalized with 
porphyrins through the formation of amide bonds between 
amine-functionalized porphyrins and carboxylic groups of 
GO (Georgakilas et al. 2012).

Amine-terminated polyethylene glycol (PEG) can be 
grafted onto GO nanoplatelets through amide bond forma-
tion. The PEGylated GO is highly dispersible in water and 
polar solvents. In a similar way, poly(vinyl alcohol) (PVA) 
can be grafted onto GO nanoplatelets via ester bonds between 
the hydroxyl groups of PVA and the carboxylic groups of GO 
(Georgakilas et al. 2012).

Solvent-dispersible GO derivatives have been produced by 
the attachment of suitable functional groups to GO, octadecy-
lamine (ODA), allylamine, p-phenyl sulfonate, and phenylene 
diamine groups reported for the modification of the GO sur-
face and its dispersibility (Georgakilas et al. 2012).

10.5.1.3  Covalent Attachments of Hydrogen and 
Halogens toward Graphene Derivatives

Molecular groups can be attached to sp2 carbons of graphene 
sheets to modify graphene properties. If the attached groups 
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interact with sp2 carbons, the 2D lattice of graphene does not 
change. Because of the removing of the π-conjugated electron 
above and below the graphene sheet, some changes in its prop-
erties occur. If π-bonds are hydrogenated, graphane (i.e., fully 
hydrogenated graphene) is produced. Sofo et al. theoretically 
predicted the existence of graphane as well as its fluorinated 
counterpart. Graphane can be synthesized by the introduction 
of graphene to cold hydrogen plasma. Fluorographene (also 
known as graphene fluoride) can be synthesized by the fluo-
rination of graphene using XeF2 at room temperature (30°C) 
(Sofo et al. 2007).

10.5.2 nonCovalent FunCtionalization oF Graphene

Functionalizations of graphene can be done noncovalently 
through van der Waals forces or ionic interactions that occur 
between graphene and wrapping molecules. Table 10.2 shows 
some examples of the noncovalent functionalization of 
 graphene. Xu et al. reported stable aqueous dispersions of gra-
phene nanomaterial using a water-soluble pyrene derivative, 
1-pyrenebutyrate, as a functionalized molecule. The polyaro-
matic hydrocarbons such as pyrene derivatives can interact 
with the basal sheet of graphite via π-stacking. GO was func-
tionalized by pyrenebutyric acid in basic media, and was then 
reduced with hydrazine. The resulted graphene film showed 
conductivity seven orders of magnitude larger than that of the 
parent GO (Xu et al. 2008). The same result can be observed 
for thionine as a wrapping molecule (Hu et al. 2012).

Cheng et  al. reported graphene functionalized with 
1,5-diaminonaphthalene and 1-nitropyrene as electron-rich and 
electron-deficient molecules, respectively (Cheng et al. 2011).

Another non–covalent-soluble functionalized graphene 
nanosheet can be seen in the work done by Liu et al. using 
 single-stranded DNA (ssDNA). Functionalized GO was 
obtained by the chemical oxidation of graphite, and then 
by hydrazine reduction in the presence of ssDNA. In the 
next study, Liu et al. used the deposited gold NPs on DNA-
functionalized graphene. These gold-decorated DNA-
functionalized graphene has potential application in catalysis, 
magnetism, battery materials, optoelectronics, field- effect 
devices, and biodetection platforms (Liu et al. 2010).

Guo et  al. used a non–covalent-functionalized graphene 
nanosheet for the detection of single-stranded (ss-) from 
 double-stranded (ds-) DNA. They modified graphene nanosheets 
by hemin (an iron-containing porphyrin). The hemin–graphene 
hybrid nanosheet (H–GN) was formed through π − π interac-
tions (Guo et al. 2011). This new nanomaterial exhibited high 
solubility and stability in water. Different affinities of ss- and 
ds-DNA toward H–GNs are the base of detection.

10.5.3 FunCtionalization oF Graphene with npS

Metal or metal oxide NPs have been extensively studied and 
used in catalytic or electronic applications, supercapacitors, 
fuel cells, batteries, etc., due to their remarkable properties 
(Rashidi et al. 2010; Mohamadalizade et al. 2011). Since gra-
phene materials can be a conductive-supporting matrix, and 
have exceptional electrical and mechanical properties, they 
can be used as an immobilization matrix for NPs.

In comparison with carbon nanotubes, a pure graphene 
sheet can be characterized as the perfect matrix for the dis-
persion of NPs because of its large active surface area per 
mass unit (carbon nanotubes have a lower active surface 
area because only the external surface is active). Excluding 
conductivity, the other forms of graphene (GO and partially 
RGO) also exhibit these advantages for the deposition of NPs.

Nanostructures of noble metals such as Au, Ag, Pt, Pd, 
Rh, and related alloys are often used for various applications 
ranging from catalytic systems to fuel cells, sensors, super-
capacitors, and storage batteries. Dispersions of metal NPs 
on graphene sheets can increase the catalytic activity of the 
metallic NPs.

Metal salts are the precursors for NPs if they are reduced in 
a solvent that contains dispersed GO, RGO, or pure graphene 
nanosheets. The last two are preferred if the conductivity of 
the matrix is needed. In some cases, the reducing agents or 
procedures are strong enough to simultaneously reduce GO. 
The formed NPs are spread onto the enormous surface area of 
graphitic nanosheets.

Hassan et al. reported a general method for the reduction of 
GO with simultaneous deposition of metal NPs or nanoalloys 
(Hassan et al. 2009).

10.5.4  SubStitutional dopinG oF Graphene Carbon 
with nitroGen and boron atomS

The substitutional doping of graphenes has been done when car-
bon atoms from the hexagonal honeycomb lattice of graphene 

TABLE 10.2
Some Examples of Noncovalent Functionalization 
of Graphene

No.
Functionalized 

Molecule Role of Function References

1 1-Pyrenebutyrate Production of stable 
aqueous-dispersive 
GO

Xu et al. (2008)

2 Thionine Production of stable 
aqueous-dispersive 
GO

Hu et al. (2012)

3 1,5-Diaminonaphthalene 
and 1-nitropyrene

as electron-rich and 
electron-deficient 
molecules, 
respectively

Cheng et al. 
(2011)

4 ssDNA Non–covalent-
soluble 
functionalized 
graphene nanosheet 
produced

Liu et al. (2010)

5 Hemin (an iron-
containing porphyrin)

High water soluble 
and stable graphene 
for the detection of 
ss- and ds-DNA

Guo et al. (2011)
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were substituted by nitrogen or boron atoms. Depending on 
the electrophilic character of the inserted atoms, the doped 
graphene sheets show n- or p-type behavior. Furthermore, by 
controlling the degree of this doping modification, the electri-
cal properties of graphene can be potentially changed.

The N-doped graphene sheets are electron rich; thus, they 
behave like n-type semiconducting. Generally, N-doped gra-
phene sheets are formed by the substitution of O or C atoms 
with N during reduction or annealing or in situ during gra-
phene growth using CVD, arc discharge, or solvothermal 
methods. Oxygen or sp3 carbon atoms that are situated at the 
defect sites of GO can be substituted by nitrogen during the 
reduction step using a nitrogen-rich reductive source such as 
ammonia or hydrazine, at high temperature, see Figure 10.4 
(Panchakarla et al. 2009).

Boron-doped graphene has also been produced using an 
arc discharge technique. To produce boron-doped graphene, 
it was necessary to use boron-stuffed graphite electrodes or 
a mixture of hydrogen and diborane vapor; the B-doped gra-
phene showed a p-type semiconductor behavior (Panchakarla 
et al. 2009).

10.6  APPLICATION OF FUNCTIONALIZED 
GRAPHENE IN ELECTROCHEMISTRY

In electrochemical science, GO, RGO, and other doping or 
functionalized graphene materials are used more than pure 
graphene. Although the electrical conductivity of pure gra-
phene decreases by oxidation, the resulting oxygen-containing 
groups and structural defects (sp3 carbons) can be favorable 
for electrochemistry, as major sites for rapid ET.

The number of active sites on graphene sheets (sp3 carbon 
as defection) and the conductivity of the material should be 
balanced. This means that the levels of oxidation and reduc-
tion of graphene should be controlled to have an acceptable 
conductivity and charge-transfer rate (Ratinac et  al. 2011). 
The processes used to oxidize and reduce graphene simul-
taneously change the amounts of edge-plane-like sites and 
defects in GO and RGO. The exact effect of the functional 
groups and defects depends on the redox system involved. 

For example, a functional group with negative charge such 
as the carboxylates, are helpful in the electrochemical reac-
tions involving positively charged species, but are ineffective 
for the electrochemical reactions involving negatively charged 
species. Consequently, the method used to reduce GO (i.e., 
chemical, thermal, or electrochemical) and the amount of 
reduction are critical in electrochemistry.

Some applications of functionalized graphene materials in 
electrochemistry have been stated.

10.6.1  FunCtionalized Graphene materialS 
in eleCtroChemiCal SenSorS

A sensor is a device that measures a physical quantity and con-
verts it into a signal that can be detected by an electronic system. 
Chemical sensors are one of the extensive classes of sensors. 
A chemical sensor provides continuous information about its 
environmental chemical changes, and converts the chemical 
response into a signal that can be detected by modern instru-
mentation. Electrochemical sensors are one of the  subdivisions 
of chemical sensors in which the transduction of the signal is 
done by electrochemical methods. An electrochemical sensor is 
composed of a sensing material, a transducer, and a signal pro-
cessor or a detector. Graphene materials can be applied both as 
an excellent matrix for dispersion and immobilization of sens-
ing elements and as a transducer for converting the chemical 
signal into electrical ones. The studies showed that using gra-
phene materials in the construction of electrochemical sensors/
biosensors increase the signal-to-noise ratio and sensitivity of 
the produced signal. In this way, construction of sensors having 
lower detection limits is possible.

Table 10.3 summarizes some of the uses of functionalized gra-
phene materials in the construction of electrochemical sensors.

10.6.2  FunCtionalized Graphene materialS 
eleCtroChemiCal bioSenSorS

Biosensors are one of the important subdivisions of chemical 
sensors. A biosensor is a device that uses specific biochemi-
cal reactions mediated by isolated enzymes, immunosystems, 
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TABLE 10.3
Some Reports on Using Functionalized Graphene Materials in the Construction of Electrochemical Sensors

No. Analyte Detection Method Functional Group Detection Limit/Linear Range References

1 Fructose Voltammetry A sensor was developed based on 
immobilization of highly 
dispersed CuO–Cu 
nanocomposites on graphene 
that was noncovalently 
functionalized by sodium 
dodecyl benzene sulfonate

Linear range: 3–1000 × 10−3 M Zhou et al. 
(2013a)

2 H2O2 Voltammetry Cobalt–tetraphenylporphyrin/
RGO nanocomposite

Detection limit: 0.02 × 10−6 and 
0.03 × 10−6 M 

Linear range: 0.1–460 × 10−6 M and 
0.1–2400 × 10−6 M 

Zheng et al. 
(2013)

3 Glucose CV A negatively charged glassy 
carbon electrode (GCE) was 
formed by the electrochemical 
modification of sulfanilic acid 
(ABS). Next, graphene 
composites functionalized with 
copper phthalocyanine-
3,4′,4″,4‴-tetrasulfonic acid 
tetrasodium salt or alcian blue 
pyridine variant were assembled 
layer by layer via alternate 
electrostatic adsorption onto the 
ABS/GCE surface to obtain a 
uniform and stable graphene 
multilayer film modified 
electrode

Detection limit: 0.05 × 10−3 M Zhang et al. 
(2013)

4 Dopamine Differential pulse 
voltammetry

An imprinting route based on GO 
was proposed for preparing a 
composite of SiO2-coated GO 
and molecularly imprinted 
polymers (GO/SiO2–MIPs)

Detection limit: 3.0 × 10−8 M Zeng et al. (2013)

5 Candesartan Continuous coulometric 
FFT CV

Hybrid film of IL–graphene 
nanosheets–silicon carbide NP

Detection limit: 5.2 × 10−9 M Norouzi et al. 
(2013)

6 Glucose CV GO/nickel oxide-modified GCE Detection limit of 1 × 10−6 M
Linear range: 3.13 × 10−6 M to 
3.05 × 10−3 M

Yuan et al. (2013a)

7 H2O2 CV and 
chronoamperometry

GO has functionalized with 
aminothiophenol and covalently 
bonded to the palladium NPs via 
sulfur atom of aminothiophenol

Detection limit of 0.016 × 10−6 M
Linear range: 0.1 × 10−6 
M–10 × 10−3 M

You et al. (2013)

8 Quercetin Square-wave voltammetry p-aminothiophenol- 
functionalized GO and then gold 
NPs attached

Detection limit of 3.0 × 10−13 M
Linear range: 
1.0 × 10−12–1.0 × 10−11 M

Yola et al. (2013)

9 Chlortetracycline CV and differential pulse 
voltammetry

MIP sensor was fabricated by 
directly electropolymerizing 
monomer phenylenediamine in 
the presence of template, based 
on controlled electrochemical 
reduction of GO at cathodic 
potentials 

Linear range: 10.0–500.0 × 10−6 M Liu et al. (2013)

10 β-agonists CV Poly(acid chrome blue K)/
GO–Nafion/GCE

Detection limit: 0.58–1.44 ng mL−1 
Linear range: 1–36 ng mL−1

Lin et al. (2013)

11 2, 4, 6-trinitrophenol 
(TNP)

Electrochemical method Silver NPs/GO nanocomposite Detection limit: 1.0 × 10−9 M Li et al. (2013a)

(Continued)
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TABLE 10.3 (continued)
Some Reports on Using Functionalized Graphene Materials in the Construction of Electrochemical Sensors

No. Analyte Detection Method Functional Group Detection Limit/Linear Range References

12 Alfuzosin Coulometric FFT linear 
sweep voltammetry

The electrode was constructed by 
the preparation of a matrix of 
ZrO2 in GO and IL (1-butyl-3-
methylimidazolium tetra 
fluoroborate) on GCE

Detection limit: 0.5 × 10−9 M Rashedi et al. 
(2013)

13 Tyrosine CV, chronocoulometry, 
and differential pulse 
voltammetry

GCE modified with a nanohybrid 
made from GO and multiwalled 
carbon nanotubes

Detection limit: 4.4 × 10−9 M, 
14 and 7 × 10−9 M

Li et al. (2013b)

14 Imidacloprid CV and linear sweep 
voltammetry

Electropolmerized poly(o-
phenylenediamine) membranes 
at reduced GO-modified 
electrode

Detection limit: 4.0 × 10−7 M Kong et al. (2013)

15 Nitrogen dioxide Conductivity and 
capacitance 
measurements

Reduced GO as the sensing 
material on a porous paper 
substrate

Detection limit: 1.3 × 10−6 M Hassinen et al. 
(2013)

16 H2O2 Voltammetry Nafion/exfoliated GO/Co3O4 
nanocomposite-coated GCE

Detection limit: 0.3 × 10−6 M Ensafi et al. (2013)

17 Glucose CV GCE modified with graphene–
nickel/nickel oxide composite

Detection limit: 0.28 × 10−6 M
Linear range: 0.1–5 × 10−6 M

Kumary et al. 
(2013)

18 Dopamine Voltammetry A GCE that was modified with a 
nanocomposite containing 
electrochemically RGO and 
palladium NPs

Detection limit: 0.233 × 10−6 M
Linear range: 1–150 × 10−6 M

Palanisamy et al. 
(2013)

19 Fluoride Potentiometry The niobium(V)–
metalloporphyrin-grafted GO 
was prepared and coated on 
platinum wire

Detection limit: 8.0 × 10−8 M
Linear range: 5 × 10−7 M–5 × 10−1 M

Poursaberi et al. 
(2012)

20 Ochratoxin A Fast Fourier 
transformation CV

The sensor was designed based 
on reduction of gold NPs on 
graphene nanosheets oxide 
hybrid with IL (1-butyl-3-
methylimidazolium tetra 
fluoroborate) on the surface of a 
GCE

Detection limit: 2.2 × 10−10 M Norouzi et al. 
(2012)

21 Persistent organic 
pollutants

Electrochemical methods Using 3, 4, 9, 10-perylene 
tetracarboxylic acid as a bridge 
to connect mono(6-
ethanediamine-6-deoxy)-β-
cyclodextrin (NH 2-β-CD) to the 
surface of graphene 
noncovalently

Detection limit: 1.0 × 10−9 M
Linear range: 10–550 × 10−9 M

Zhu et al. (2012)

22 Hg2+ CV Functionalization of GO with 
cysteamine

Detection limit: 3 × 10−9 M Zhou et al. (2012)

23 Matrine CV l-Cysteine/graphene oxide–
chitosan composite film 
modified electrode

Detection limit: 2 × 10−6 M
Linear range: 4 × 10−6 to 1 × 10 −4 M

Zhao et al. (2012)

24 Glucose Voltammetry Modification of GCE with GO, 
NiO, nanofibers, and Nafion

Detection limit: 0.77 × 10−6 M Zhang et al. 
(2012c)

25 Bisphenol CV and differential pulse 
voltammetry

Arginine-functionalized 
nanocomposite graphene film

Detection limit: 1.1 × 10−9 M
Linear range: 0.005–40.0 × 10−6 M

Zhang et al. 
(2012b)

26 Malachite green CV Self-assembly-modified carbon 
paste electrode based on 
ethylenediamine and GO

Detection limit: 5 × 10−9 M 
Linear range: 8.0 × 10−9 M to 
8.0 × 10−7 M

Zhang et al. 
(2012a)

(Continued)
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TABLE 10.3 (continued)
Some Reports on Using Functionalized Graphene Materials in the Construction of Electrochemical Sensors

No. Analyte Detection Method Functional Group Detection Limit/Linear Range References

27 Glucose CV and amperometry GCE modified with platinum 
nanoflowers supported on GO

Detection limit: 2.0 × 10−6 M
Linear range: 0.002–10.3 × 10−3 M 
and 10.3–20.3 × 10−3 M

Wu et al. (2012a)

28 17β-estradiol Differential pulse 
voltammetry

RGO combined with platinum 
NPs

Detection limit: 0.002 × 10−6 M
Linear range: 0.004–0.060 × 10−6 M

Wen et al. (2012a)

29 Cytochrome C Electrochemiluminescence CdSe quantum dots composited 
with GO and chitosan

Detection limit: 1.5 × 10−6 M
Linear range: 4.0 to 324 × 10−6 M

Wang et al. 
(2012a)

30 Glucose CV Well-dispersed palladium NPs on 
GO

Linear range: 0.2–10 × 10−3 M Wang et al. 
(2012b)

31 Cysteine Potentiometry GO–lead porphyrin composite Detection limit: 8.0 × 10−8 M Poursaberi 
(2012b)

32 Glucose Simple and green 
electrochemical approach

RGO /zinc oxide composite on 
GCE

Detection limit: 0.02 × 10−3 M
Linear range: 0.02– 6.24 × 10−3 M

Palanisamy et al. 
(2012a)

33 H2O2 Amperometry RGO/ZnO composite modified 
electrode

Linear range: 0.02–22.48 × 10−6 M Palanisamy et al. 
(2012b)

34 Nitrite CV Chemically reduced RGO- 
modified GCE

Detection limit: 1 × 10−6 M
Linear range: 8.9–167 × 10−6 M

Mani et al. (2012)

35 Glucose CV Electrochemical RGO–poly(l-
lysine) composite film modified 
GC electrode

Linear range: 0.25 to 5 × 10−3 M Hua et al. (2012)

36 H2O2 Voltammetry Nafion/exfoliated GO–Co3O4 
nanocomposite

Detection limit 0.3 × 10−6 M Ensafi et al. (2012)

37 Caffeine Voltammetry GCE modified with Nafion and 
GO

Detection limit: 2.0 × 10−7 M
Linear range: 4.0 × 10−7 to 
8.0 × 10−5M

Zhao et al. (2011)

38 Tm(III) Potentiometry 2,2′-dianilinedisulfide was 
incorporated as a sensing 
material into a nano composite 
carbon paste electrodes 
composed of nanographene 
(NG), nanosilica (NS), and a 
room temperature IL namely 
1-n-butyl-3-methylimidazolium 
tetrafluoroborate [bmim]BF(4)

Linear range: 
1.0 × 10−6–1.0 × 10−2M

Ganjali et al. 
(2011)

39 Glucose Amperometry Reduced graphene nanoribbons 
could be functionalized with 
water-soluble Fe-TMPP via π–π 
noncovalent interaction on 
electrode surface

Linear range: 0.5 ×10−3 
M–10 × 10−3 M

Zhang et al. 
(2011)

40 Glucose CV A homogeneous chitosan–
ferrocene/graphene oxide/
glucose oxidase (CS–Fc/GO/
GOx) nanocomposite film

Detection limit: 7.6 × 10−6 M Qiu et al. (2011)

41 Esculetin CV and differential pulse 
voltammetry

CdSe NPs-decorated 
poly(diallyldimethylammonium 
chloride)-functionalized 
graphene nanocomposite

Detection limit: 4.0 × 10−9 M
Linear range: 1.0 × 10−8 to 
5.0 × 10−5 M

Lu et al. (2011)

42 Glucose CV, amperometry, and 
AC impedance

Introducing gold NPs on the 
electrochemical properties of 
graphene functionalized with IL

Detection limit: 0.13 × 10−3 M Ho et al. (2011)

43 Indole-3-acetic acid Voltammetry Poly(safranine T)-reduced GO 
nanocomposite

Detection limit: 5.0 × 10−8 M
Linear range: 
1.0 × 10−7–7.0 × 10−6 M

Gan et al. (2011)
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tissues, organelles, or whole cells to detect chemical com-
pounds usually by electrical, thermal, or optical signals. An 
electrochemical biosensor is an analytical device that con-
verts a biological response into an electrical signal. Here, the 
bioactive compound as a sensing material should be immo-
bilized on the surface of an electrode. The role of graphene 
materials is the same as that mentioned in the case of sensors. 
However, it is better if the functionalization is done to make 
the graphene materials biocompatible.

GO can be a good candidate for a supporting matrix for 
immobilization of enzymes in the preparation of biosensors. 
As an example, glucose oxidase that is a redox enzyme can 
be immobilized on GO nanoplatelets through amide bonds. 
The N-hydroxy succinimide (NHS) has been used for amide 
bond formation in the mild condition. The GO/GOx compos-
ite has been examined as a biosensor for the determination of 
glucose and was shown to give a linear response over a broad 
concentration range and exhibits high sensitivity, reproduc-
ibility in measurements, and biocompatibility with human 
cells (Georgakilas et al. 2012).

RGO can be made dispersible in a biological solution after 
its functionalization by poly(l-lysine) by amidation (Shan 
et al. 2009). Poly(l-lysine) is an attractive biocompatible mol-
ecule, with uses in promoting cell adhesion, drug delivery, cell 
labeling, and DNA electrochemical sensors. The PLL/RGO 
nanocomposite was used as a biosensor for hydrogen peroxide 
(H2O2) detection exhibiting improved sensing of H2O2.

Zhang et  al. reported functionalized graphene nanorib-
bons using water-soluble iron(III) mesotetrakis(N-methyl-
pyridinum-4-yl) porphyrin (Fe-TMPP) via π−π noncovalent 
interactions on an electrode surface (Zhang et al. 2008). The 
resulting Fe-TMPP/RGNRs composite film showed excellent 
electrocatalysis toward the reduction of dissolved oxygen, and 
it was subsequently used as a biosensor for the detection of 
glucose in human serum.

Table 10.4 summarizes some of the uses of functionalized 
graphene materials in the construction of electrochemical 
biosensors.

10.6.3  FunCtionalized Graphene 
materialS in eleCtroCatalySiS

Electrocatalytic applications have been found in studies 
where graphene-modified electrodes are used to oxidize 
and/or reduce molecules. The general properties of graphene 
materials for electrocatalysis included lower overpotentials or 
peak-to-peak separations and larger currents, better discrimi-
nation of redox peaks for mixed species, and better resistance 
to fouling of the electrodes.

Electrocatalytic separation between redox peaks of differ-
ent species in the solution is of great importance. Graphene 
materials can be an excellent choice to modify the electrodes 
for this purpose. Shang et al. (2008) showed a controlled oxi-
dation of dopamine in solutions containing ascorbic acid and 
uric acid by multilayer graphene flakes. Three clear oxidation 
peaks occurred in these mixed solutions, while the GC elec-
trode produced only one broad peak for these three molecules. 

A shift to smaller voltages for the individual redox peaks, in 
comparison with the GC, also confirmed faster ET and a gen-
uine electrocatalytic effect. Similar studies were also reported 
for systems based on RGO (Alwarappan et  al. 2009; Zhou 
et al. 2009; Wang et al. 2009b; Kim et al. 2010).

Table 10.5 summarizes some of the uses of functionalized 
graphene materials in electrocatalysis.

10.6.4  FunCtionalized Graphene materialS 
aS enerGy-StoraGe matrix

The high loading ability of graphene nanosheets for metal 
oxide NPs can increase the charge capacity of the composite.

Zhang et al. reported a method to remarkably increase the 
loaded amount of metal oxide on a graphene matrix without 
affecting the quality of the dispersion (Zhang et al. 2010). A 
high conductivity is required for the application of graphene/
SnO2 composites in Li-ion batteries. Thus, thermal reduc-
tion of the GO/SnO2 composite at 300°C was done to form 
the RGO–SnO2 composite. The loaded content of SnO2 in 
the final composite was about 60%, compared with other 
carbon supports that are usually less than 25%. The RGO/
SnO2 composite showed an initial reversible charge capacity 
of 786 mA h g−1, and after 50 cycles dropped to a capacity of 
560 mA h g−1.

Alternative Li-ion anode materials have been synthesized 
by dispersing other NPs such as Si or Sn on GO surfaces. Si is 
an attractive material for energy storage because it is known 
to have the highest theoretical energy density among the com-
mon elements, as well as being cheap and abundant. A disper-
sion of Si NPs with size less than 30 nm in diameter on RGO 
nanosheets results in the formation of a composite material 
with high Li-ion storage capacities and cycling stability.

Wei et  al. (2012a) reported electrochemical exfoliation 
of graphite in mixtures of room-temperature ILs and deion-
ized water containing lithium salts to produce functionalized 
graphenes that are a suitable matrix for making primary bat-
tery electrodes with significantly enhanced specific energy 
capacity.

Cobalt hydroxide (Co[OH]2) materials usually display a 
layered structure with a high interlayer spacing and a well-
defined electrochemical redox activity. If Co(OH)2 NPs are 
loaded on GO nanosheets, these make an excellent material 
for use in alkaline batteries, fuel cells, and supercapacitors 
(Chen et al. 2010).

10.7 CONCLUSION

Graphene materials due to their remarkable electrical, physi-
cal, and chemical properties including high surface area, 
excellent conductivity, high mechanical strength, ease of 
functionalization, and mass production have been extensively 
used in different fields of electrochemistry.

GOs are synthesized, reduced, and/or functionalized to 
be used in the development of many electrochemical analy-
sis systems. They are exclusive mediators for charge trans-
fers and transduction of chemical signals to increase the 



161Functionalized Graphene

TABLE 10.4
Some Reports on Using Functionalized Graphene Materials in the Construction of Electrochemical 
Biosensors

No. Analyte
Detection 
Method Functional Group

Detection Limit/Linear 
Range References

1 Nitric oxide Simple dropping 
technique

Nano-sized gold NPs-graphene 
composite to construct a GNPs–GR–
SDS modified electrode

Liner range: 0.72–
7.92 × 10−6 M

Xu et al. (2013)

2 Tryptophan 
enantiomer

Votammetry Albumin/GO/3-
aminopropyltriethoxysilane modified 
indium tin oxide electrode 
(ITO/APTES/GO/HSA)

Linear range: 0.10–1.0 mM Zor et al. (2013)

3 Phenols Voltammetry 1-aminopyrene functionalized 
RGOs-modified GCE by 
encapsulation with chitosan

Detection limit: 2 × 10−6 for 
hydroquinone and  
7 × 10−6 M for catechol

Linear range: 3–2000 × 10−6 
M hydroquinone, 
15–700 × 10−6 M for 
catechol

Zhou et al. 
(2013b)

4 Pseudobienzyme Aptasensor 
(voltammetry)

Functionalized RGO as nanocarrier 
and hemin/G-quadruplex as NADH 
oxidase and HRP-mimicking 
DNAzyme

Detection limit: 
0.1 × 10−12 M

Linear range: 0.0002–
30.0 × 10−9 M

Yuan et al. 
(2013c)

5 H2O2 CV Based on immobilization of 
hemoglobin at Au NPs /flower-like 
zinc oxide/graphene (AuNPs/ZnO/
Gr) composite modified GCE

Detection limit: 
0.8 × 10−6 M

Xie et al. (2013)

6 Glucose CV IL/GO as a nanocomposite Detection limit: 
0.175 × 10−9 M

Linear range: 
2.5–45 × 10−9 M

Tasviri et al. 
(2013)

7 Typhoid Differential pulse 
voltammetry

GO-chitosan nanocomposite Detection limit: 
10 × 10−15 M

Linear range: 
10 × 10−15–50 × 10−9M

Singh et al. 
(2013)

8 H2O2 CV and 
differential pulse 
voltammetry

The co-deposition of palladium, 
horseradish peroxidase on 
functionalized-graphene modified 
graphite electrode as composite

Linear range: 25 × 10−6–
3.5 × 10−3 M

Nandini et al. 
(2013)

9 H2O2 CV Graphene surface was functionalized 
with polyacrylic acid and was used as 
a building block to construct 
electrochemically functionalized 
multilayer via electrostatic layer-by-
layer assembly

Linear range: 
0.1 × 10−3 M–0.8 × 10−3 M

Ma et al. (2013)

10 NADH and ethanol Cyclic 
voltammetric

Deposition of electroreduced GO and 
polythionine on a GCE

Detection limit: 
0.1 × 10−6 M

Linear range: 0.01–3.9 
×10−3 M

Li et al. (2013c)

11 Acetylcholinesterase CV Modifying GCE with 
acetylcholinesterase immobilized on 
porous–RGO

Detection limit: 
0.002 × 10−6 M

Li et al. (2013d)

12 Carbaryl pesticides Amperometry Acetylecholinesterase/chitosan–GO 
modified electrode

Detection limit: 
4.0 × 10−9 M

Li et al. (2013e)

13 Total phenolic 
content

Voltammetry Platinum NPs–RGO–laccase 
biocomposite

Detection limit: 
0.09 × 10−6 M

Linear range: 
0.2–2 × 10−6 M

Eremia et al. 
(2013)

(Continued)
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TABLE 10.4 (continued)
Some Reports on Using Functionalized Graphene Materials in the Construction of Electrochemical 
Biosensors

No. Analyte
Detection 
Method Functional Group

Detection Limit/Linear 
Range References

14 DNA CV Electrochemical RGO and peptide 
nucleic acid–DNA hybridization

Detection limit: 
5.45 × 10−13 M

Linear range: 1.0 × 10−7 to 
1.0 × 10−12 M

Du et al. (2013)

15 H2O2 NO Voltammetry Carboxymethyl cellulose 
functionalized RGO and hemoglobin 
hybrid nanocomposite film

Detection limit: 
0.37 × 10−6 M for NO and 
0.08 × 10−6 M for H2O2

Linear range: 0.083–13.94 
×10−6 M

Cheng et al. 
(2013)

16 Cholesterol Voltammetry Platinum–palladium–chitosan–
graphene hybrid nanocomposites 
(PtPd–CS–GS) functionalized GCE

Detection limit: 
0.75 × 10−6 M

Cao et al. 
(2013)

17 Glucose CV and 
amperometry

GCE modified with RGO, PB and 
poly(toluidine blue O)

Detection limit: 
8.4 × 10−6 M

Linear range: 
20 × 10−6 M– 
1.09 × 10−3 M

Bai et al. (2013)

18 Glucose CV Immobilization of glucose oxidase to 
graphene-functionalized GCE. The 
surface of GCE was functionalized 
with graphene by incubating it with 
graphene dispersed in 
3-aminopropyltriethoxysilane, which 
acted both as a dispersion agent for 
graphene and as an amine surface 
modification agent for GCE and 
graphene

Detection limit: 1 × 10−3 M  
Linear range: 1.4–
27.9 × 10−3 M

Zheng et al. 
(2012)

19 Glucose CV Electrochemical platform based on 
nickel oxide (NiO) NPs and 
TiO2-graphene was developed for the 
direct electrochemistry of glucose 
oxidase

Detection limit: 
1.2 × 10−6 M

Linear range: 1.0–
12.0 × 10−3 M

Xu et al. (2012)

20 Nitric oxide Electrochemical 
methods

Immobilization of hemoglobin, 
chitosan, graphene, and the surfactant 
hexadecyltrimethylammonium 
bromide on a GCE

Detection limit: 
6.75 × 10−9 M

Wen et al. 
(2012b)

21 Tyrosine CV Reduce GO and produce hemin 
modified graphene nanosheet

Detection limit: 
7.5 × 10−8 M

Linear range: 5 × 10−7 M to 
2 × 10−5M

Wei et al. 
(2012b)

22 H2O2 CV Hemoglobin immobilized on the 
designed carboxyl functionalized 
polystyrenegraphene–carbon 
nanotube-Nafion modified indium tin 
oxide

Detection limit: 
2. 0 × 10−7 M

Linear range: 5.0 × 10−7 to 
1.4 × 10−3 M

Wang et al. 
(2012c)

23 H2O2 CV Based on Ag NPs electrodeposited on 
chitosan–GO/cysteamine-modified 
gold electrode

Detection limit: 
0.7 × 10−6 M

Wang et al. 
(2012d)

24 Clinical glucose CV Functionalized metalloid-polymer 
(silver-silica coated with PEG) hybrid 
NPs on the surface of a GO nanosheet

Linear range: 
0.1–20 × 10−3 M

Veerapandian 
et al. (2012)

(Continued)
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TABLE 10.4 (continued)
Some Reports on Using Functionalized Graphene Materials in the Construction of Electrochemical 
Biosensors

No. Analyte
Detection 
Method Functional Group

Detection Limit/Linear 
Range References

25 Deoxyribonucleic 
acid

Differential pulse 
voltammetry

Carboxyl functionalized GO and 
poly-l-lysine modified electrode

Detection limit: 
1.69 × 10−13 M

Linear range: 1.0 × 10−12 to 
1.0 × 10−6 M

Sun et al. 
(2012a)

26 Adenosine-5′-
triphosphate

Differential pulse 
voltammetry

Mixing graphite powder with 
diphenylacetylene. Then a graphene 
and chitosan composite film was 
further modified on the surface of 
MW–CPE to receive the graphene 
functionalized electrode

Detection limit: 
0.342 × 10−9 M

Linear range: 1.0 × 10−9 
M-700.0 × 10−6 M

Ruan et al. 
(2012)

27 Glucose CV Highly loaded and ultrafine Pd NPs 
were supported on GO

Detection limit: 
0.56 × 10−3 M

Linear range: 25 × 10−6 to 
4.9 × 10−3 M

Qin et al. (2012)

28 Cholesterol CV Functionalized graphene modified 
electrode

Detection limit: 5 × 10−6 M Manjunatha 
et al. (2012)

29 Acetylcholinesterase Amperometry Modifying a GCE with 
acetylcholinesterase immobilized on 
IL-functionalized graphene

Detection limit: 
0.0032 × 10−6 M

Li and Han 
(2012)

30 Single strand DNA Potentiometry GO based biochemically activated 
LAPS

Detection limit: 
0.05 × 10−9 M

Jia et al. (2012)

31 Mitomycin C-DNA 
interaction.

Differential pulse 
voltammetry

DNA immobilized on GO-modified 
electrode

Detection limit: 
0.027 × 10−3 M

Erdem et al. 
(2012)

32 Carcinoembryonic 
antigen

CV Based on gold NPs and RGO 
functionalized carbon IL electrode

Detection limit: 
0.01 ng mL−1

Linear range: 
0.5–200 ng mL−1

Yu et al. (2012)

33 Cyclin A2 Voltammetry Porphyrin-functionalized graphene-
modified electrode

Detection limit: 
1.02 × 10−12 M

Feng et al. 
(2012)

34 H2O2 CV Horseradish peroxidase induced 
deposition of polyaniline on the 
designed graphene–carbon nanotube-
nafion/gold–platinum alloy 
nanoparticles (GE–CNT–Nafion/
AuPt NPs) modified GCE

Detection limit: 
1.7 × 10−7 M

Linear range: 5.0 × 10−7 to 
1.0 × 10−4 M

Zheng et al. 
(2011)

35 Acetylcholinesterase Amperometry Immobilizing acetylcholinesterase on 
3-carboxyphenylboronic/RGO-gold 
nanocomposites modified electrode

Detection limit:
Chlorpyrifos: 2.8 × 10−10 M
Malathion: 0.0015 × 10−6

MCarbofuran: 2.26 × 10−6

M Isoprocarb: 
0.0025 × 10−6 M

Liu et al. (2011)

36 Adenine and 
guanine in DNA

CV and 
differential pulse 
voltammetry

Nano-material carboxylic acid 
functionalized graphene 
(graphene–COOH)

Detection limit: guanine 
5.0 × 10−8 M and adenine 
2.5 × 10−8 M

Huang et al. 
(2011)

37 Glucose Fast Fourier 
transformation 
continuous CV

Immobilization of glucose oxidase on 
zinc oxide NPs doped in 
nanographene sheets on GC

Detection limit: 0.02 µM Norouzi et al. 
(2011)

38 H2O2 Amperometry Electrochemically RGO GCE surface Linear range of 
0.05–1.91 mM

Ting et al. 
(2011)
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TABLE 10.5
Some Reports on Using Functionalized Graphene Materials for Electrocatalytic Purposes

No. Measurement Detection Method Functional Group References

1 Enhanced electrochemical 
oxidation of reduced 
glutathione and nonenzyme 
glucose

CV Cu2O/NiOx/GO GCE Yuan et al. (2013b)

2 H2O2 and glucose CV Magnetization carboxyl-
modified GO with intrinsic 
H2O2

Yang et al. (2013a)

3 Electrochemical redox of 
catechol and hydroquinone

Voltammetry Functionalized graphene 
composites using 1-butyl-3-
methylimidazolium 
2-amino-3-
mercaptopropionic acid 
salt IL

Wang et al. (2013)

4 Dopamine determination in the 
presence of interference

Differential pulse voltammetry 3,4,9,10-perylene 
tetracarboxylic acid 
functionalized graphene 
sheets/multi-wall carbon 
nanotubes/IL composite film 
modified electrode

Niu et al. (2013)

5 A pyrene-substituted 
tris(bipyridine)osmium(II) 
complex as a versatile redox 
probe

CV Functionalization of 
nanostructured graphene-
based electrode with an 
original [bis(2,2′-bipyridine)
(4,4′-bis(4-pyrenyl-1- 
ylbutyloxy)-2,2′-bipyridine]
osmium(II) 
hexafluorophosphate 
complex bearing pyrene 
groups

Le Goff et al. (2013)

6 Hydroquinone and catechol 
determination

CV and differential pulse 
voltammetry

GO–mesoporous MnO2 
nanocomposite modified GCE

Gan et al. (2013)

7 H2O2 and choline CV Nanoscale hybrid of 
chemically RGO with 
ferrocene

Deng et al. (2013)

8 Ascorbic acid determination CV and amperometry GCE modified with palladium 
NPs supported on GO

Wu et al. (2012b)

9 Carbamazepine determination Amperometry RGO and single walled carbon 
nanotube composite film 
modified GCE

Unnikrishnan et al. (2012)

10 Dopamine determination CV Poly(methylene blue) 
functionalized graphene 
modified carbon IL electrode

Sun et al. (2012b)

11 Glucose determination CV Combination of Pt NPs and 
graphene

Shi et al. (2012)

12 Dopamine and uric acid 
determination

CV RGO and Au NPs entrapped in 
chitosan/silica sol–gel hybrid 
membranes

Liu et al. (2012a)

13 4-Nitrophenol determination Voltammetry A GO film coated GCE Li et al. (2012)

14 Nitrophenol isomers 
determination

Voltammetry β-Cyclodextrin functionalized 
RGO

Liu et al. (2012b)

15 Nucleic acid hybridization Differential pulse voltammetry GO integrated on single-use 
pencil graphite electrode

Muti et al. ( 2011)

16 H2O2 and glucose determination Amperometry and colorimetry H2O2 and glucose Guo et al. (2011)

17 Paracetamol determination CV and square-wave voltammetry The electrocatalytic activity of 
functionalized graphene

Kang et al. (2010)
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signal-to-noise ratio. In overall terms, graphene-based elec-
trodes display superior electrochemistry in comparison with 
other common electrodes, such as GC, graphite, carbon nano-
tubes, or even conductive polymers.
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11 Electrophoretic Deposition of 
Graphene-Based Materials and 
Their Energy-Related Applications

Mani Diba and Aldo R. Boccaccini

ABSTRACT

Electrophoretic deposition (EPD) is an attractive technique 
for the controlled manipulation and deposition of nanoscale 
materials. This solution-based technique is cost effective and 
requires simple equipment, providing several advantages for 
the processing of nanostructured coatings, including size 
scalability, dense packing, and site selectivity of the deposi-
tion. A precondition for the EPD processing of materials is 
their ability to form stable suspensions with adequate surface 
charge of the suspended (nano) particles. For the last few 
years, EPD has been increasingly considered for the process-
ing of graphene-based materials. While pristine graphene can 
be modified to form stable suspensions, graphene oxide (GO) 
can be easily dispersed in stable aqueous suspensions due to 
the presence of polar functional groups in its structure leading 
to its high hydrophilicity. Moreover, after EPD, GO can be 
reduced via different routes to achieve partial restoration of 
pristine graphene properties. Not only has EPD shown prom-
ising results for deposition of graphene family materials, but 
it can also be utilized to produce graphene-based composite 
films or coatings at ambient conditions and without using any 
potentially hazardous chemicals. This chapter provides an 
overview of the EPD processing of graphene family materi-
als, discussing the fundamentals and challenges involved in 
this process, describing also the energy-related applications of 
EPD-prepared graphene/GO films and coatings.

11.1 INTRODUCTION

Graphene is a two-dimensional nanomaterial that ideally 
consists of a flat monolayer of carbon atoms arranged in hex-
agonal rings and it exhibits various fascinating properties. 

High mechanical strength and flexibility, unusual electronic 
properties, high thermal conductivity, and large specific sur-
face area are among the attractive properties of graphene that 
make this material interesting for a wide range of applica-
tions. Therefore, significant research efforts have recently 
been focused on the processing of pristine graphene, gra-
phene oxide (GO), and reduced graphene oxide (rGO) for the 
development of advanced functional materials and devices 
[1]. Although ideal graphene properties belong to pristine 
graphene, GO and rGO are also being widely studied due to 
their easier and less expensive production and therefore may 
be considered as more suitable sources for future large-scale 
applications. Compared to pristine graphene, GO contains 
various oxygen-containing functional groups in its structure. 
The presence of these functional groups in the GO struc-
ture, on the one hand, might lead to significant structural 
defects that could have negative effects on some properties. 
However, on the other hand, these groups might induce some 
new properties or be utilized as sites for the functionaliza-
tion of GO. Moreover, the polar functional groups present in 
the GO structure cause the strong hydrophilicity of GO and 
therefore lead to the formation of a stable aqueous suspension 
[2]. Finally, GO can be reduced to rGO via different routes to 
achieve partial restoration of pristine graphene properties [3].

In order to take advantage of the fascinating properties of 
graphene-based materials, their processing for the fabrica-
tion of functional devices is crucial. However, owing to the 
nanoscale dimensions of these materials, their controlled 
manipulation and deposition can be very challenging. Among 
the important requirements for a promising graphene process-
ing technique is the possibility of large-scale production. In 
general, solution-based processing methods are promising 
for low-cost and large-scale production of films and coatings. 
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Moreover, graphene-based materials can be synthesized in 
solution in large quantities. However, typical solution-based 
film processing techniques such as filtration, spin coating, or 
doctor-blading do not offer ideal control over the alignment of 
the film or coating components. It is known that alignment of 
graphene sheets determines various properties of graphene-
based films such as electron transport properties [4].

Electrophoretic deposition (EPD) is an attractive technique 
for the controlled manipulation and deposition of nanoscale 
materials. This solution-based technique is cost effective and 
requires simple equipment, providing several advantages for 
processing of nanostructured coatings, including improved 
deposition rate, size scalability, dense packing, controlled 
thickness, uniformity, and site selectivity of the deposits. It 
has been observed that the EPD process can lead to the exfo-
liation of aggregated graphene nanosheets and can produce 
more uniform graphene films compared to the drop-casting 
method [5]. Moreover, EPD can be applied to flexible sub-
strates and complex structures (e.g., infiltrating porous struc-
tures). EPD is based on the electrophoresis of suspended 
charged particles under the effect of an applied electric field 
towards an electrode with the opposite charge and their conse-
quent deposition. Different mechanisms have been suggested 
for the deposit formation in EPD, including charge neutraliza-
tion of the particles, distortion and thinning of the electrical 
double layer, and electrochemical particle coagulation. There 
are two types of EPD techniques based on the type of applied 
electric current, which are direct current (DC) and alternating 
current (AC) EPD. Depending on the charge of the particles, 
they are attracted to the cathode or anode, leading to the defi-
nition of cathodic or anodic EPD, respectively.

EPD has been successful in producing a single layer [6] 
of graphene-based films to a thickness of several hundred 
microns [7]. Moreover, the film thickness can be controlled 
by changing the EPD parameters (e.g., deposition time and/
or applied voltage) [8]. Interestingly, it has been observed [9] 
that EPD can lead to the simultaneous deposition and reduc-
tion of GO and therefore can be utilized as an alternative 
technique to produce rGO films or coatings at ambient con-
ditions and without using any potentially hazardous chemi-
cals. Another possibility that the EPD technique offers is the 
development of graphene-based composite films or coatings. 
Composite films can be developed via EPD from suspen-
sions containing mixtures of graphene and other particles 
[10,11], by sequential deposition of graphene and other par-
ticles [12–14], or by deposition of composite particles con-
taining graphene [7,15,16]. Table 11.1 lists the advantages 
and limitations of the EPD technique for the deposition of 
graphene-based materials.

Several applications have been suggested for EPD-
prepared graphene-based films and coatings [17]. This chap-
ter focuses on the fundamental and practical aspects of EPD 
of graphene-based materials (Section 11.2) and the applica-
tions of EPD-prepared graphene-based films and coatings in 
energy-related sectors (Section 11.3). The chapter ends with 
conclusions including highlights in the field and proposing 
avenues for future research (Section 11.4).

11.2 EPD SETUPS AND PARAMETERS

Table 11.2 lists different setup options and key parameters 
of the EPD technique. In general, an EPD setup consists of 
two electrodes (working and counter electrodes) connected 
to a power source. Based on the type of electric field used 
for EPD, it can be categorized into DC or modulated current 
EPD. Modulated current EPD includes AC and pulsed-DC 
EPD. Figure 11.1 demonstrates examples of the variation of 
electric voltage as a function of deposition time for each type 
of these processes.

TABLE 11.1
List of Advantages and Limitations of EPD for the 
Deposition of Graphene-Based Materials

Advantages Limitations

• Cost effective
• Simple equipment
• Size scalability
• Uniformity of deposit
• Dense packing of deposit
• High and controlled deposition rate
• Predictable deposition kinetics
• Controlled thickness of deposits (single 

layer to hundreds of microns)
• Deposition at room temperature
• Possibility of codeposition of different 

particles
• Possibility of continuous production
• Possibility to produce porous deposits
• Possibility to use flexible and complex 

substrates
• Simultaneous reduction of GO

• Suspension stability 
and adequate particle 
charge requirement

• Electrically conductive 
substrate requirement

• Limited thickness of 
insulating deposits 
(e.g., GO)

• Possibility of side 
electrochemical 
reactions

TABLE 11.2
List of EPD Setup Options and Key EPD Parameters

EPD Setup Options Key EPD Parameters

Applied electric field:
• Direct current/modulated 

(alternating/pulsed-direct) 
current

Electrode arrangement:
• Horizontal/vertical

Electrode shape:
• 2D (flat substrates)/3D (e.g., 

porous substrates or fibers)
Additional options:

• Installation of a particle 
collector layer between the two 
electrodes

• Continuous setups (e.g., using 
continuous fiber tows as the 
working electrode)

Suspension-related parameters:
• Particle net charge (zeta 

potential)
• Particle size
• Particles concentration in 

suspension
• pH, electrical conductivity, and 

dielectric constant of the medium
• Viscosity and stability of the 

suspension
Electric field-related parameters:

• Applied voltage
• Deposition time
• Interelectrode distance
• Electrical conductivity of 

electrodes
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DC-EPD is the traditional EPD approach and has been 
widely studied for different types of particulate systems. In 
recent years, increasing attention has been given to modulated 
field EPD techniques due to the several advantages these tech-
niques can provide, such as the suppression of water hydro-
lysis at high EPD voltages when using aqueous suspensions 
[18]. Nevertheless, a review of the available literature indi-
cates that only DC-EPD has been used for the deposition of 
graphene-based materials.

Different arrangements of electrodes can be used in an 
EPD setup. Flat electrodes positioned vertically [19] or hori-
zontally [20] parallel to each other are mostly used in EPD. 
However, other arrangements as well as electrodes in different 
shapes can be used. For example, graphene nanosheets have 
been deposited onto the 3D structure of porous nickel sub-
strates using EPD [21,22]. Moreover, EPD can be performed 
by placing an additional substrate between the two electrodes, 
to collect the particles moving toward the working electrode 
under effect of the electric field. In a study by Ishikawa et al. 
[23], a metallic tape was attached to the reverse of an insulat-
ing glass substrate and the obtained substrate was used as the 
working electrode in the EPD experiments. After EPD, the 
metallic tape was removed and the GO deposit was obtained 
on the insulating glass substrate. Moreover, the EPD experi-
ments were also performed onto SiO2 layers that had been 
grown on highly doped Si substrates. Figure 11.2 illustrates 
the EPD setup used in this study.

In another study, Hasan et al. [20] demonstrated the pos-
sibility of producing free-standing graphene films via EPD 

using a sacrificial layer. The working electrode was coated 
with a thin cellulose acetate layer via spin-coating. After the 
EPD of the GO, the cellulose acetate layer was dissolved in 
acetone and the deposited GO layer was detached from the 
electrode’s surface using a single-edge razor.

In a related investigation [24], continuous carbon fibers tows 
were coated with GO via EPD and were subsequently heat 
treated to obtain continuous rGO-coated fibers (Figure 11.3).

Important parameters involved in an EPD process are 
mainly related either to the suspension or the applied elec-
tric field. Among the parameters related to the suspension are 
particle net charge (zeta potential), particle size, concentra-
tion of particles in suspension, pH, electrical conductivity, 
and dielectric constant of the medium, as well as viscosity 
and stability of the suspension. Among the parameters related 
to the electric field are the applied voltage, deposition time, 
interelectrode distance, and the electrical conductivity of 
electrodes.

Different EPD conditions have been used for EPD of gra-
phene family materials, including EPD voltages (V) rang-
ing from 1 to hundreds of volts and deposition times from 
few seconds to several hours [17]. The decision on the right 
parameters to be used in an EPD process depends on vari-
ous factors and limitations such as the suspension (particle) 
characteristics and desired properties of the final deposits. For 
example, a study showed that since a graphene nanosheet has 
a larger mass than a multiwalled carbon nanotube (MWCNT), 
higher EPD voltages are required for the deposition of gra-
phene compared to voltages required for the deposition of 
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FIGURE 11.1 Examples of voltage versus deposition time plots in (a) DC, (b) pulsed-DC, and (c) AC-EPD.
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FIGURE 11.2 Schematic diagram of the EPD setup used by Ishikawa et  al. (Reproduced from Ishikawa et  al., 2012. Electrophoretic 
deposition of high quality transparent conductive graphene films on insulating glass substrates. Journal of Physics: Conference Series 
352:012003, with permission from the authors.)
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MWCNT [25]. In DC-EPD, it is common to use a constant 
voltage during deposition; however, it is also possible to use 
constant current. Using constant voltage conditions, the trend 
of variation of the current during deposition can provide use-
ful information. For example, for deposition of insulating GO 
nanosheets from aqueous suspensions, a decreasing trend of 
current during deposition is expected due to the electrode’s 
surface passivation effect of the insulating deposits. However, 
increasing trends or fluctuation of the current profile can hap-
pen at high voltages [26], suggesting the occurrence of water 
hydrolysis or chemical reactions such as GO electrochemical 
reduction.

With varying EPD parameters, the quantity and quality 
of the deposit can be modified. It is usually expected that 
with increasing particle concentration in suspension, particle 
zeta potential net value, deposition time, and electrical field 
strength, the amount (thickness) of the deposit increases. The 
thickness of a deposited graphene layer can directly affect 
various properties of the films such as optical absorption/
transparency and electrical conductivity. Therefore, the EPD 
parameters can be optimized to tune the deposit thickness in 
order to obtain graphene-based films with desired properties.

In addition to the thickness of graphene-based films that 
can be controlled by changing parameters such as deposi-
tion time and voltage [8], the morphology of the deposits 
can also be changed. Different morphologies have been 
observed for graphene-based films deposited using differ-
ent voltages [26]. Moreover, characteristics of the electrodes 
such as electrical conductivity and surface morphology have 
been reported to affect the morphologies of rGO-based 
deposits [26]. As an example showing the effects of EPD 
parameters on the deposition of graphene-based materials, it 
is worth highlighting a study performed by Hasan et al. [20]. 
This study showed that by changing the pH of GO aque-
ous suspension and EPD voltage, it is possible to achieve 
cathodic or anodic EPD of GO with different morphologies. 
Anodic EPD was observed by using a GO suspension with a 

pH of 11.5, an applied voltage of 3 V, and a deposition time 
of 10 min. The deposited film using these conditions had a 
“rug” microstructure. Cathodic EPD was observed by using 
a GO suspension with a pH of 2.8, an applied voltage of 
15 V, and a deposition time of 10 min. The deposited film 
using these conditions had a “brick” microstructure. Both 
suspensions had a negative zeta potential prior to the EPD 
experiments. The occurrence of cathodic EPD was due to a 
charge reversal phenomenon that happened during the EPD 
experiments as the GO sheets adsorbed the protons released 
from water electrolysis. Figure 11.4 illustrates both micro-
structures and the different hydrophobicity that could be 
achieved based on these microstructures [20].

Despite the wide range of possibilities that varying EPD 
parameters can offer, some limitations also exist for chang-
ing these parameters. For example, in EPD using aqueous 
suspensions, water electrolysis can occur especially at high 
voltages, which leads to bubble formation at the surfaces of 
electrodes, damaging the quality of the deposits. Therefore, 
for this type of suspension, the applicable range of EPD volt-
age is limited. An EPD voltage of 10 V has been reported to 
lead to bubble evolution at the cathode’s surface when using 
GO aqueous suspensions. However, the GO film deposited 
on the anode’s surface was reported to be undamaged [9]. 
Moreover, when using 15 V EPD voltage, although bubble 
formation could be observed, no bubble footprints were 
reported to be present on the deposit surfaces [20]. A study 
reported that at voltages higher than 10 V, bubble formation 
was unavoidable [26]. In a recent study, we observed that 
when EPD voltages higher than 10 V were used, local surface 
protrusions and hollow internal structures were formed in the 
deposits that could be produced due to the formation of bub-
bles at the anode’s surface. Moreover, Su et al. [25] observed 
the formation of holes in graphene-based deposits when an 
EPD voltage of 40 V was applied. All these results suggest 
that voltages lower than 10 V should be preferred for EPD 
from GO aqueous suspensions. Nevertheless, as mentioned 
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FIGURE 11.3 Schematic of an EPD setup for the deposition of GO onto carbon fibers followed by a thermal annealing step. (Reprinted 
from Carbon, 52, Huang, S.-Y. et al. 613–616, Copyright 2013, with permission from Elsevier.)
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previously, this limitation might be overcome by using mod-
ulated current EPD. In addition, a recent study reported the 
successful application of ultrasonic dispersion during EPD, 
which could destroy newly formed bubbles at the surfaces 
of electrodes and avoid bubble entrapment within the depos-
its [24]. Among other issues that can limit the progress of 
EPD, one is the passivation of the electrode’s surface when 
depositing nonconductive particles and another is the detach-
ment or delamination of too thick deposits due to insufficient 
adhesion forces between the deposited particles or at the 
electrode–deposit interface that typically happens during the 
withdrawal of electrodes from the suspension. To conclude 
this section, it is important to mention that understanding the 
kinetics of EPD of graphene-based materials is relevant to set 
specific EPD parameters in order to obtain films with desired 
morphology and properties.

11.3 ENERGY-RELATED APPLICATIONS

The EPD of graphene-based materials has showed promis-
ing results for a wide range of applications [17]. In this sec-
tion, the energy-related applications of graphene EPD for the 
development of photovoltaic and energy storage devices are 
discussed.

11.3.1 photovoltaiC deviCeS

The EPD of graphene-based materials has been studied for 
the development of electrodes or light-harvesting layers [15] of 
photovoltaic devices. Using graphene for electrochemical elec-
trodes is interesting to obtain low-cost electrodes with higher 
electrochemical catalytic activity, electrical conductivity, sur-
face area, as well as visible light transparency, which can lead 
to the development of high-performance photovoltaic devices. 
Moreover, the introduction of graphene in the light-harvesting 
layers of photovoltaic devices can improve electron transfer 
within these layers and therefore it enhances the efficiency of 
these devices. Table 11.3 summarizes the reports on photovol-
taic applications of EPD-processed graphene-based films.

One type of photovoltaic device is a dye-sensitized solar 
cell (DSSC), which usually consists of a transparent conduct-
ing oxide substrate, dye-decorated TiO2, electrolyte-contain-
ing iodide/triiodide redox couple, and a counter electrode. 
The counter electrode in a DSSC conducts electrons from the 
external cell circuit to the electrolyte and catalyzes iodide/
triiodide redox reactions [11]. Therefore, high electrical con-
ductivity and electrochemical catalytic activity are among 
the key requirements of the materials for DSSC counter elec-
trodes. Typical counter electrodes used in these devices are 
platinum-based due to platinum’s high electrical conductivity 
and high electrochemical activity as a catalyst for the triiodide 
reduction process. However, poor chemical stability, high pro-
cessing temperatures, as well as the high price of platinum 
demand new materials for the production of DSSC counter 
electrodes [10].

Carbon-based nanomaterials, particularly graphene, can 
be considered as promising low-cost alternatives for platinum 
in DSSC counter electrodes mainly due to their high electron 
conductivity, chemical stability, and high electrochemical 
catalytic activity [11]. Nevertheless, a cost-effective technique 
for processing these materials is needed for the realization of 
their successful application for DSSCs. Recently, graphene-
based electrodes have shown to be promising alternatives for 
platinum-based DSSC counter electrodes and the EPD tech-
nique has been studied for the production of these electrodes 
as well [11,27,28].

Choi et  al. [28] electrophoretically deposited rGO from 
aqueous suspension on transparent fluorine-doped tin oxide 
(FTO) sheets. It was observed that with increasing deposition 
time, the thickness of deposited films increased while their 
transparency decreased. The rGO-deposited electrodes were 
used as counter electrodes for DSSCs and could achieve opti-
cal transmittance (at 550 nm wavelength) and energy conver-
sion values of 85% and 2.3%, respectively. Moreover, it was 
shown that the thicker the deposited rGO film, the higher 
its polarization resistance. It was suggested that thick layers 
of rGO produce slow electron transfer due to van der Waals 
interactions between graphene layers. In another study [27], 
electrophoretically deposited graphene FTO substrates were 
prepared as counter electrodes for DSSCs. This study demon-
strated the ability of the EPD technique to produce uniform 
graphene films even thinner than 10 nm.

(a) (b)

(c)

3 μm 3 μm

(d)

(f )(e)

FIGURE 11.4 (a and b) Microstructure, (c and d) scanning elec-
tron microscopy (SEM) micrographs, and (e and f) wettability of the 
samples with rug and brick microstructure, respectively. (Reprinted 
with permission from Hasan, S. A. et al. Transferable graphene 
oxide films with tunable microstructures. ACS Nano 4:7367–7372. 
Copyright 2010 American Chemical Society.)
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Several studies [10,11] have developed graphene–carbon 
nanotube (CNT) composite electrodes via the EPD technique. 
Kim et  al. [11] compared performances of three different 
EPD-prepared carbon-based counter electrodes for DSSCs. 
Graphene, single-walled carbon nanotubes (SWCNTs), and 
graphene–SWCNT composite-deposited electrodes were 
developed by EPD of these materials from magnesium nitrate-
stabilized suspensions onto FTO substrates. Evaluation of the 
electrodes’ catalytic activities of DSSCs produced using the 
three different counter electrodes showed superior results 
for the graphene-deposited electrodes with energy conver-
sion efficiency of 5.87%. Zhu et al. [10] fabricated rGO–CNT 
composite electrodes via EPD using suspensions containing 
rGO and CNT onto graphite substrates. Evaluation of the 
composite electrodes with different CNT content as counter 
electrodes for DSSCs revealed their better photovoltaic per-
formance compared to similar purely CNT or rGO-depos-
ited electrodes. In the composite electrodes, CNTs acted as 
bridges for electron transfer in the defects, increased the basal 
spacing between the graphene nanosheets, and consequently 
made a network improving the electrical conductivity of the 
composite electrodes.

Several researchers have investigated the development of 
composite Pt–graphene electrodes in order to obtain higher 
visible light transparency and increased electrochemi-
cally active surface area (ECSA) of the electrodes [12,14]. 
Chartarrayawadee and coworkers [14] fabricated rGO–Pt 
composite electrodes via two EPD routines. In the first 
approach, layered indium tin oxide (ITO)–rGO–Pt electrodes 
were fabricated by LBL EPD of rGO and Pt nanoparticles 
onto ITO-coated glass substrates. In the second approach, pre-
synthesized rGO–Pt composite nanoparticles were directly 
electrophoretically deposited onto ITO–glass substrates in 
one step. Characterization of the samples indicated superior 
electrochemical catalytic performance of one-step deposited 
composite electrodes with higher visible light transparency 
and around 10 times Pt catalytic active surface area compared 
to the LBL electrodes. Chartarrayawadee et  al. [29] per-
formed a two-step EPD process, depositing rGO onto ITO–
glass electrodes followed by the deposition of Pt nanoparticles 
onto the rGO-coated ITO–glass substrates. The fabricated 
rGO–Pt composite electrodes showed iodide/triiodide elec-
trocatalytic activity and an electrochemical response, which 
could be improved by increasing the Pt deposition, suggesting 

TABLE 11.3
Summary of Reports on Photovoltaic Applications of EPD-Processed Graphene-Based Films

Application Materials Substrate Key Results Reference

DSSC counter 
electrodes

rGO FTO The electrode achieved optical transmittance (at 550 nm wavelength) and 
energy conversation values of 85% and 2.3%, respectively. The thicker 
was the deposited rGO film, the higher was its polarization resistance.

[28]

DSSC counter 
electrodes

rGO FTO The EPD technique could produce uniform graphene films even thinner 
than 10 nm. The best obtained conversion efficiency was 5.69%.

[27]

DSSC counter 
electrodes

rGO FTO rGO-deposited electrodes showed higher performance than pure SWNTs 
and rGO–SWNT composite deposited electrodes.

[11]

DSSC counter 
electrodes

rGO, Pt, and rGO–Pt 
nanoparticles

ITO–glass One-step EPD of rGO–Pt composite nanoparticles produced higher-
performance electrodes compared to the LBL deposited rGO/Pt electrodes.

[29]

DSSC counter 
electrodes

Au–rGO composite 
nanoparticles

Graphite Combination of superior electrochemical catalytic activity of Au 
nanoparticles and high electrical conductivity of rGO nanosheets led to 
enhanced photovoltaic performance.

[7]

DSSC counter 
electrodes

rGO and CNT Graphite rGO–CNT composite electrodes showed higher performance compared to 
pure rGO and pure CNT electrodes.

[10]

DSSC counter 
electrodes

rGO and CdS–QDs ITO–glass The sequential deposition of graphene and QDs can improve QDSSCs 
performances.

[13]

DSSC TiO2-based 
layer

rGO-grafted TiO2 
nanoparticles

ITO–glass The composite films containing rGO showed more than 2 times more 
electrical conductivity and 5 times more power conversion efficiency for 
DSSCs, compared to neat TiO2 films.

[15]

Light-harvesting 
photoanodes

H2P–GO hybrid 
nanoparticles

Tin oxide The EPD films could absorb a broader wavelength range of visible light 
compared to that of the hybrid particles before EPD.

[16]

DSSC counter 
electrodes

MoS2–rGO composite 
nanoparticles

FTO The EPD-processed composite electrodes showed 93% higher cell 
efficiency than that of typical Pt counter electrodes.

[33]

DSSC counter 
electrodes

rGO and Pt 
nanoparticles

ITO–glass The electrocatalytic activity and electrochemical response of the rGO 
deposited electrodes could be improved by increasing the Pt deposition.

[29]

QDSSC counter 
electrodes

rGO FTO rGO sheets deposited via EPD highly determine the films nanostructure by 
acting as platforms for nucleation of CoS nanoparticles.

[30]

DSSC 
photoelectrodes

rGO TiO2 arrays The EPD of rGO enhances the electrode’s electrical conductivity, which 
lead to increased short-circuit current of the DSSCs.

[31]
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that these electrodes could be potential candidates for DSSCs 
applications.

Au–graphene composite electrodes have also been devel-
oped using EPD techniques as counter electrodes for quantum 
dot-sensitized solar cells (QDSSCs) [7]. Zhu et al. [7] devel-
oped Au–rGO composite electrodes via EPD of Au–rGO 
composite nanoparticles onto graphite substrates. The depos-
ited substrates were used as counter electrodes in QDSSC and 
their performances were compared with similar EPD–rGO as 
well as Au and Pt sputter-coated counter electrodes. It was 
observed that the Au–rGO composite counter electrodes 
provided higher photovoltaic performance compared to the 
other types of electrodes used in this study. This result was 
suggested to be due to the combination of the superior elec-
trochemical catalytic activity of Au nanoparticles and high 
electrical conductivity of rGO nanosheets.

In another relevant study [13], graphene, as an excellent 
electron acceptor, was codeposited with CdS quantum dots 
(QDs) via a sequential method involving the EPD of gra-
phene and chemical bath deposition of QDs onto ITO glass 
substrates. The results showed that this sequential deposition 
of graphene and QDs can improve QDSSC performances. 
Figure 11.5 demonstrates the layered nanostructure of these 
composite electrodes. In another study, Hu et al. [30] fabri-
cated CoS–graphene sandwich structures by sequential depo-
sition of rGO and CoS nanoparticles onto FTO substrates as 
counter electrodes for QDSSCs. It was reported that graphene 
sheets deposited via EPD largely determine the nanostructure 
of the films by acting as platforms for the nucleation of CoS 
nanoparticles.

In the TiO2 layers of DSSCs, electrons need to pass 
through numerous particles and their grain boundaries in 
order to reach the electron-collecting electrode. Therefore, 
although thick films of TiO2 can provide large surface areas 
for the attachment of more dye molecules for improved 
light harvesting, the long pathways of electron transport can 

lead to increased carrier recombination, which decreases 
the DSSC efficiency. Therefore, the introduction of highly 
conductive graphene nanosheets within the TiO2 layers of 
DSSCs is expected to improve the power conversion effi-
cacy of these devices [15,31]. Tang et al. [15] used the EPD 
technique to deposit rGO-grafted TiO2 nanoparticles onto 
ITO–glass substrates. Incorporation of graphene in the TiO2 
layer was aimed to improve electrical conductivity as well as 
mechanical properties and thermal conductivity of the TiO2 
layer. This study showed that EPD was successful in devel-
oping composite films containing rGO with more than twice 
higher electrical conductivity and 5 times more power con-
version efficiency for DSSCs, compared to neat TiO2 films. 
However, it is important to note that the addition of too much 
rGO led to negative effects on the power conversion efficiency 
of DSSCs by lowering the optical transmission of the films. 
The results suggested that, using this approach, thicker films 
that can have higher dye loading capacity can be produced 
to obtain DSSCs with enhanced photovoltaic performance. 
Luan et al. [31] electrophoretically deposited rGO nanosheets 
onto TiO2 arrays to be used as photoelectrodes in DSSCs. It 
was reported that EPD of rGO enhances the electrode’s elec-
trical conductivity, which leads to the increased short-circuit 
current of the DSSCs. Moreover, the short-circuit current of 
DSSCs could be controlled by changing the EPD time. For the 
electrodes prepared using the optimum EPD time, the DSSCs’ 
energy conversion efficiency showed an improvement of 38% 
compared to the rGO-free electrodes.

Karousis et al. [16] synthesized a hybrid material by cova-
lently linking (4-aminophenyl)-10,15,20-triphenyl-21,23H-
porphyrin (H2P) as a photoactive unit to GO, for light 
harvesting in photovoltaic cells. The hybrid nanoparticles 
were deposited onto nanostructured tin oxide optically trans-
parent substrates and the obtained electrodes were evaluated 
as photoanodes for photoelectrochemical cells. Interestingly, 
it was observed that the EPD films could absorb a broader 

2 μm

200 nm

Graphene layerQD layer

FIGURE 11.5 Cross-sectional SEM image of a graphene/QD electrode produced via a sequential approach. (Guo, C. X. et al. Layered 
graphene/quantum dots for photovoltaic devices. Angewandte Chemie International Edition. 2010. 49. 3014–3017. Copyright Wiley-VCH 
Verlag GmbH & Co. KGaA. Reproduced with permission.)
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wavelength range of visible light compared to that of the 
hybrid particles before EPD. This phenomenon was suggested 
to be caused by the cluster formation of porphyrin moieties 
or electronic interaction between GO and H2P. In a similar 
study [32], porphyrin-grafted rGO was electrophoretically 
deposited onto FTO substrates and the EPD technique was 
successful in producing uniform films. However, the photon-
to-photocurrent efficiency of porphyrin-linked rGO-coated 
electrodes was very low. Lin et  al. deposited MoS2–rGO 
composite nanoparticles onto FTO substrates via EPD. The 
deposited electrodes showed optical transmission higher than 
70% at visible wavelengths and enhanced electrochemical 
activity. Using them as counter electrodes in DSSCs led to the 
production of 5.81% cell efficiency, which was around 93% 
higher than the efficiency produced using typical Pt counter 
electrodes [33].

Finally, the effects of post-EPD annealing of graphene-
deposited FTO counter electrodes on the performance of 
DSSCs have also been studied [27]. It was shown that the 
postannealing of these electrodes can significantly reduce 
their charge transfer resistance with electrolyte and improve 
the energy conversion efficiency of the cells. Energy con-
version efficiencies of 0.06, 0.15, 4.13, 5.08, and 5.69 were 
reported for the as-deposited 200°C, 350°C, 450°C, and 
600°C annealed electrodes, respectively. It was suggested 
that the positive effect of the annealing process might be due 
to the removal of the Mg ions (which had been used for the 
suspension preparation) and the oxygen-containing functional 
groups of graphene. Moreover, possible structural changes of 
the deposited films upon annealing might be involved in this 
phenomenon.

11.3.2 eleCtrodeS For enerGy StoraGe deviCeS

Supercapacitors, also known as electrochemical capaci-
tors, are interesting power energy storage devices for a wide 
range of applications mainly due to their long lifetime, fast 
recharging, and high power density. Based on the charge stor-
age mechanism used in these capacitors, they are divided 
into (i) electrical double-layer capacitors (EDLCs) and (ii) 
pseudocapacitors. In (i), charge separation at the electrode 
interface with the electrolyte, and, in (ii), reversible faradaic 
redox reactions, generate the capacitance [34,35]. In order to 
achieve high specific capacitance in EDLCs, the specific sur-
face area of electrodes has to be maximized to accommodate 
a large number of ions at the interface with the electrolyte 
[36]. Carbonaceous materials are being commonly used as 
EDLC materials, storing energy via charge separation and 
producing high reversibility in the charge–discharge cycles of 
supercapacitors [26]. Recently, graphene has attracted signifi-
cant attention and is considered a high-performance material 
for the development of improved supercapacitors and accord-
ingly EPD has been studied for the deposition of graphene for 
supercapacitor applications. Among the advantages offered 
by graphene are its extraordinary electrical conductivity and 
high specific surface area, which can improve the capaci-
tance of supercapacitors and minimize the electrode interface 

resistance, leading to high-performance supercapacitors [37]. 
Table 11.4 summarizes the reports on energy storage applica-
tions of EPD-processed graphene-based films.

A combination of EPD and in situ electrochemical reduc-
tion of GO has been reported to be promising for the devel-
opment of rGO electrodes for supercapacitors. Liu et al. [37] 
electrophoretically deposited GO from aqueous suspen-
sions onto ITO–glass electrodes and subsequently reduced 
the deposited films to rGO via an in situ electrochemical 
reduction approach. The results showed that the in situ elec-
trochemical reduction did not affect the morphology of the 
deposited films and evaluation of electrochemical properties 
of the produced rGO films via cyclic voltammetry (CV), elec-
trochemical impedance spectroscopy (EIS), and chronopoten-
tiometry indicated good supercapacitor behavior, low contact 
resistance, and specific capacitance of 156 F/g at 150 mA/g 
for the films suggesting their high potential for supercapaci-
tor applications. Xia et  al. [34] developed graphene–porous 
NiO hybrid films via EPD of graphene onto nickel foam sub-
strates followed by coating the graphene layer with a porous 
NiO layer using chemical bath deposition. The characteriza-
tion of the obtained composites indicated their excellent pseu-
docapacitive properties having pseudocapacitance values of 
400 and 324 F/g at 2 and 40 A/g, respectively, as well as 94% 
of initial capacitance retention over 2000 charge–discharge 
cycles. It was observed that the graphene layer plays an elec-
trochemical activity reinforcement role in these composites 
since these values were higher than those for graphene-free 
porous NiO films.

Usually, the interlayer spacing between graphene layers in 
graphene-based films is very small, which can limit the elec-
trolyte access to graphene nanosheet surfaces and the perfor-
mance of these films as electrodes in supercapacitors since the 
EDL can only form at the film surface. In order to overcome 
this limitation, different types of nanoparticles have been 
used as nanospacers to increase the interlayer space between 
graphene nanosheets and provide electrolyte diffusion path-
ways [36]. Moreover, nanoparticles with faradaic capacitance 
(e.g., manganese oxide and cobalt oxide) can simultaneously 
act as nanospacers and induce faradaic capacitance in gra-
phene-based electrodes [22,26]. Metal oxides such as Co3O4 
and MnO2 provide fast and reversible faradaic redox reactions, 
which generate their large specific capacitances. Nevertheless, 
their low electronic and ionic conductivities limit their ability 
to achieve high power densities and reversible redox cycling 
performance. Moreover, to produce electrodes based on these 
metal oxides, usually binders are required that can damage 
both the nanostructures and the ionic mobility and might also 
generate undesirable reactions. Therefore, a combination of 
these metal oxides with highly conductive graphene materials 
without using binders should improve the properties of super-
capacitors [35].

Wu et al. [36] reported the fabrication of composite NiO–
GO films via EPD using suspensions containing GO and 
nickel nitrate. Nickel ions attached to GO surfaces produc-
ing stable positively charged GO suspensions [36]. While 
deposition happened on the stainless-steel cathode surface, 
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TABLE 11.4
Summary of Reports on Energy Storage Applications of EPD-Processed Graphene-Based Films

Application Materials Substrate Key Results Reference

Supercapacitor 
electrodes

GO ITO–glass Electrochemically reduced EPD-processed films showed good supercapacitor 
properties, low contact resistance, and good specific capacitance.

[37]

Supercapacitor 
electrodes

GO Nickel foam The graphene layer plays an electrochemical-activity reinforcement role 
in the composites.

[34]

Supercapacitor 
electrodes

Nickel ion-decorated 
GO

Stainless steel Ni nanoparticles were formed by electrochemical reduction of Ni ions. 
Heat-treated NiO–rGO composite electrodes contained nano-scaled 
crevices leading to improved electrochemical performance.

[36]

Supercapacitor 
electrodes

Nickel ion-decorated 
GO

Stainless steel In situ formation of Ni(OH)2 nanocrystals within the films was observed 
during EPD. Efficient faradaic capacitance was observed for Ni(OH)2/
RGO composite electrodes.

[26]

Proton exchange 
membrane-based 
fuel cells

GO–Pt composite 
nanoparticles

Carbon paper The hydrazine-/heat-treated composite films showed good potential to 
increase fuel cells power output.

[38]

High-performance 
fuel cell electrodes

GO ITO–glass In situ electrochemical reduction of the deposited GO film was performed 
and followed by electrochemical deposition of Pt nanoparticles. The 
composite electrodes benefited from high electrical conductivity and 
high surface area of rGO combined with synergistic catalytic activity of 
Pt nanostructures.

[12]

Energy storage 
electrodes

Graphene MnO2 
nanowire-
deposited 
stainless steel

The composite electrodes showed significantly higher capacitance 
performance compared to that of pure MnO2 and pure graphene 
electrodes. MnO2 nanowires acted as nanospacers and provided faradic 
redox reactions sites.

[39]

Energy storage 
electrodes

GO Co3O4–MnO2 
composite 
layer

Chemically reduced electrodes offered good electrical contact, large 
number of electroactive sites, short diffusion and electron transport 
pathways, and therefore high specific capacitances.

[35]

Energy storage 
electrodes

GO Nickel foam MnO2 electrodeposited rGO–Ni composite electrodes showed higher 
specific capacitance than that of graphene-free MnO2–nickel foam 
electrodes.

[22]

Energy storage 
electrodes

rGO and CNT Graphite paper The composite film containing 40 wt.% of CNTs had the optimum 
electrochemical properties and showed higher capacitance and longer 
discharge time compared to pure rGO and pure CNT films.

[40]

Supercapacitor 
electrodes

GO–CNT hybrids Flexible carbon 
cloth

Owing to the porous structure and synergetic effect of combining rGO 
with CNTs, the composite electrodes showed higher supercapacitor 
performance compared to rGO-coated electrodes.

[41]

Li-ion battery 
electrodes

rGO and MWCNT Ni Codeposition of MWCNT with rGO avoided rGO agglomeration and led 
to uniform attachment of MWCNTs to rGO nanosheets in the deposit. 
Highest capacitance values were observed for the composite films 
containing 40 wt.% MWCNTs.

[42]

Energy storage 
electrodes

Graphene Ti After EPD, electropolymerization of pyrrole was performed onto the 
graphene–Ti substrate. It was suggested that, in energy storage 
applications, the Ti–graphene layer can act as current collector while the 
polypyrrole layer acts as a faradaic reaction layer.

[47]

Anode for Li-ion 
batteries

Graphene Cu The EPD step was followed by radiofrequency magnetron deposition of 
Si onto the graphene surface. The EPD-processed graphene layer could 
enhance the electrochemical performance of electrodes.

[48]

Anode for Li-ion 
batteries

GO and Sn 
nanoparticles

Cu Pre-EPD ozonization of GO had a significant influence on contents of GO 
functional groups. The films prepared using GO ozonized for 3 h, which 
had lowest number of carboxylic functional groups, showed the best 
electrochemical performance.

[49]

Supercapacitor 
electrodes

Graphene, MWCNT, 
and polypyrrole 
(PPy) nanofibers

Ti Graphene–MWCNTs and graphene–PPy films showed higher 
electrochemical performances compared to the films made of individual 
components.

[45]

Pseudocapacitor 
electrodes

Graphene–CNT–MnO2 
nanocomposite 
particles and CNT

Ni The CNTs acted as spacers between the graphene-containing sheets and 
prevented restacking of the graphene-containing sheets during the 
pseudocapacitors charge–discharge.

[44]

(Continued)
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the Ni ions were electrochemically reduced and formed Ni 
nanoparticles. After EPD, the samples were dried at 300°C 
for 1 h, which led to the transformation of Ni nanoparticles 
to NiO and the formation of nano-scaled crevices within the 
films due to different thermal expansion coefficients of the 
GO and NiO nanoparticles. The composite electrodes con-
tained more spaces available for electrolyte transport, leading 
to improved specific capacitance of 569 F g (40 times higher 
than that of GO electrode). Moreover, by the introduction of 
NiO nanoparticles into the films, the wettability of the films 
improved, which could also contribute to the improved elec-
trochemical performance of the composite electrodes.

Zhang et  al. [26] produced RGO/Ni(OH)2 composite 
films by EPD of Ni ion decorated GO nanosheets onto dif-
ferent substrates. In situ formation of Ni(OH)2 nanocrystals 
within the films was observed during EPD. Moreover, by 
controlling the EPD parameters, the multilayer structure 
of α-Ni(OH)2/RGO and the flower-like structure of (α and 
γ)-Ni(OH)2/RGO were deposited onto nickel foams and stain-
less-steel sheets, respectively. Efficient faradaic capacitance 
was observed for composite electrodes. Composite elec-
trodes produced by optimizing the EPD parameters showed 
remarkable electrochemical performance, suggesting that 
these electrodes could be used for high-performance energy 
storage devices. Seger et al. [38] used EPD to deposit GO–Pt 
composite nanoparticles onto carbon paper substrates. The 
deposited films were treated with hydrazine and a subsequent 
heat treatment was required (300°C, 8 h) to obtain rGO–Pt 
composite films. Evaluations of ECSA revealed 77% ECSA 
improvement for the treated films and suggested that these 
films could be used to increase the power output of fuel 
cells. However, fuel cells developed using the rGO–Pt films 
showed a major decrease in power output, which might be 
related to the loss of proton conductivity of Nafion ionomers 
used during film processing. The composite films might be 
used as support in proton exchange membrane (PEM)-based 
fuel cells. Liu et al. [12] developed rGO–Pt composite films 
with good stability and high electrochemical catalytic activ-
ity for methanol oxidation. First, a GO layer was deposited 
on the ITO–glass substrate using the EPD technique. In the 
next step, in situ electrochemical reduction of the deposited 
GO film was performed and then Pt nanoparticles were elec-
trochemically deposited onto the surface of the rGO film 
to obtain rGO–Pt composite electrodes. The combination of 
high electrical conductivity and high surface area of rGO 

with the synergistic catalytic activity of Pt nanostructures 
makes these composite electrodes suitable candidates for 
high-performance fuel cell applications.

Wu et al. [39] used a sequential approach for the produc-
tion of multilayered graphene/MnO2 composite electrodes. 
MnO2 nanowires were deposited onto stainless-steel sheets 
via electroplating, which was followed by the EPD of gra-
phene nanosheets. The composite electrodes showed signifi-
cantly higher capacitance performance compared to that of 
pure MnO2 and pure graphene electrodes. MnO2 nanowires 
acted as nanospacers, provided faradaic redox reactions sites 
for charge storage, and suppressed the oxygen evolution reac-
tions, widening the water stability window of the electrodes. 
Moreover, graphene nanosheets offered high electron con-
duction in the multilayered structure of the electrodes [39]. 
Lake et al. [35] reported the fabrication of hybrid electrodes 
by combining metal oxides with graphene. First, a hydro-
thermal method was used for depositing a nanostructured 
Co3O4–MnO2 composite layer and then GO was deposited 
as a top layer via EPD. The deposited GO layer was chemi-
cally reduced and a highly conductive porous rGO layer was 
obtained, which provided a high specific surface area on top 
of the metal oxide composite layer. Electrochemical evalua-
tions showed up to 117 F/g specific capacitance for the pro-
duced electrodes. Moreover, the electrodes offered good 
electrical contact, large number of electroactive sites, short 
diffusion and electron transport pathways, and therefore high 
specific capacitances. Zhao et al. [22] produced a MnO2/gra-
phene/nickel foam composite as a supercapacitor electrode via 
EPD of GO onto nickel foam and electrodeposition of MnO2. 
The deposited GO layer was claimed to be reduced by EPD. 
The composite electrodes showed higher specific capacitance 
than that of graphene-free MnO2–nickel foam electrodes and 
exhibited high rate capacity (e.g., 216 F/g at 10 A/g).

Some researchers have codeposited graphene and CNTs 
using CNTs as an interconnecting network to improve the con-
ductivity of the deposits by connecting the rGO-defected sites. 
Lu et al. [40] electrophoretically deposited rGO–CNT com-
posite films with different CNT contents. Characterizations 
of the produced films indicated that the composite film con-
taining 40 wt.% of CNTs had the optimum electrochemical 
properties but with further increase of CNT content, the film 
microstructure and properties were negatively affected. The 
optimum composite film showed higher capacitance (87 F/g) 
and longer discharge time compared to pure rGO and pure 

TABLE 11.4 (continued)
Summary of Reports on Energy Storage Applications of EPD-Processed Graphene-Based Films

Application Materials Substrate Key Results Reference

Supercapacitor 
electrodes

Carbon black (CB) 
particles and rGO

Stainless steel With controlling the particles’ zeta potential and/or the CB/rGO ratio, the 
nanostructure of the deposited CB–rGO laminates could be modulated.

[45]

Micro-supercapacitor 
electrodes

GO Au-coated 
polyethylene 
terephthalate

The EPD-processed ultrathin rGO micropatterned electrodes could 
reduce the electrolyte’s diffusion path lengths leading to the increase of 
electrochemically active surfaces of graphene layers.

[46]
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CNT films due to a synergistic outcome of combining rGO 
and CNTs. In another study [41], hybrid GO–CNT composites 
were electrophoretically deposited onto flexible carbon cloth. 
After EPD, hydrogen thermal reduction was performed to 
reduce GO and to obtain rGO–CNT coatings. In comparison 
with similarly prepared rGO-coated carbon cloth, the rGO–
CNT-coated carbon cloths showed significantly higher spe-
cific capacitance, rate capability, as well as power and energy 
densities. The specific capacitance as a function of discharg-
ing current densities for both rGO and rGO–CNT-coated 
flexible electrodes was measured. At a 4 A/g discharge 
density, the specific capacitance of rGO-coated electrodes 
dropped by 55% while for the rGO–CNT-coated electrodes, 
it only dropped by 18%. The enhancement of supercapacitor 
performance for the composite coatings was suggested to be 
due to their porous structure and synergetic effect of combin-
ing rGO with CNTs.

Seo et al. [42] produced rGO–MWCNT composite-coated 
electrodes via EPD from rGO and MWCNT containing sus-
pensions onto Ni substrates. Codeposition of MWCNT with 
rGO avoided rGO agglomeration and led to uniform attach-
ment of MWCNTs to rGO nanosheets in the deposit. Highest 
capacitance values were observed for the composite films 
containing 40 wt.% MWCNTs. In the deposit, MWCNT 
configuration produced empty spaces between rGO sheets, 
leading to a high porosity and appropriate channels for the 
diffusion of electrolyte ions. Therefore, these composite 
electrodes might find application for Li-ion batteries. Shi 
et  al. [43] developed composite films for electrochemical 
supercapacitor applications by EPD from safranin-stabilized 
aqueous suspensions of graphene, MWCNTs, and polypyr-
role (PPy) nanofibers. Evaluation of the films revealed higher 
electrochemical performances for graphene–MWCNT and 
graphene–PPy films compared to the films made of indi-
vidual components. In a study by Hung et al. [44], graphene-
containing nanocomposite particles were codeposited with 
CNTs via the EPD technique onto Ni substrates for appli-
cation as pseudocapacitor electrodes. It was reported that 
the CNTs act as spacers between the graphene-containing 
sheets, prevent restacking of the graphene-containing sheets 
during the pseudocapacitors charge–discharge process and 
therefore CNTs play an important role in the performance of 
the prepared electrodes.

A similar approach has been used by Wang et al. [45] for 
the development of binder-free porous supercapacitor com-
posite electrodes via codeposition of conductive carbon black 
(CB) particles and rGO nanosheets. It was reported that by 
controlling the particles’ zeta potential and/or the CB/rGO 
ratio in mixed aqueous suspensions, the nanostructure of the 
deposited CB–rGO laminates can be modulated.

Combining the EPD method with a photolithography 
patterning technique has been reported as another effective 
strategy for increasing the accessible surface area of depos-
ited graphene sheets [46]. In a study by Niu et al. [46], GO 
was electrophoretically deposited on a patterned Au-coated 
polyethylene terephthalate (PET) substrate, followed by the 
hydrazine reduction of GO and removal of the resins, which 

remained from the initial photolithography patterning step. It 
was reported that the EPD-processed ultrathin rGO micropa-
tterned electrodes reduce the electrolyte’s diffusion path 
lengths, leading to the increase of electrochemically active 
surfaces of graphene layers. The electrodes fabricated in this 
study showed promising properties for the development of 
micro-supercapacitors.

Graphene-based composites containing conducting poly-
mers are another class of composite systems developed using 
EPD as electrochemical electrodes and are expected to show 
high-energy storage capacities. In a study by Mini et al. [47], 
a thin layer of graphene was first electrophoretically deposited 
onto a Ti substrate. Then, electropolymerization of pyrrole 
was performed onto the graphene–Ti substrate. It was sug-
gested that, in energy storage applications, the Ti–graphene 
layer can act as a current collector while the polypyrrole layer 
acts as a faradaic reaction layer. The composite films were 
highly porous compared to pure pyrrole films, resulting in 
the improvement of the electrode–electrolyte interactions 
and subsequently leading to higher electrochemical per-
formance as well as higher stability of the composite films. 
Pure  graphene-deposited electrodes did not show any elec-
trochemical activity. It was observed that with an overly long 
polymerization of pyrrole, the oligomers compacted the elec-
trode porous structure, leading to a decrease of the electrode’s 
capacitance.

EPD-prepared graphene-based films have also been sug-
gested for application in Li-ion batteries. For example, Zhang 
et al. [48] produced Si/graphene-sheet hybrid film as an anode 
for Li-ion batteries by EPD of graphene onto a Cu sheet and 
a subsequent radiofrequency magnetron deposition of Si onto 
the graphene surface. In comparison with Si-coated elec-
trodes, the Si–graphene-coated electrodes showed higher 
capacity, weaker polarization, as well as better cycling per-
formance and rate capability. Therefore, the EPD-processed 
graphene layer was found to be responsible for the enhance-
ment of the electrochemical performance of the electrodes 
via improving the adhesion between the current collector 
and the Si layer and avoiding the electrode structure disin-
tegration that can happen by shrinkage/expansion of the Si 
layer during the Li-ion insertion/extraction process. Bae et al. 
[49] produced binder-free Sn/graphene nanocomposites via 
EPD. Prior to EPD, GO nanosheets were ozonized for dif-
ferent durations (0, 1, 3, and 5 h) to investigate the effect of 
the GO ozonization on the properties of EPD-prepared films. 
EPD was carried out from isopropanol-based suspensions 
containing GO and Sn nanoparticles (with an average diam-
eter of 150 nm) using Mg ions as charger, and the deposition 
was performed onto Cu electrodes. As the ozonization of GO 
nanosheets increased, the deposition decreased, which can be 
related to a higher number of GO functional groups that have 
higher affinity to Sn nanoparticles via Mg ions and therefore 
a lower electrophoretic mobility. In order to reduce GO after 
EPD, the obtained composite films were heat treated at 500°C 
in Ar atmosphere. The heat treatment process resulted in the 
size reduction of Sn nanoparticles and formation of small Sn 
nanoparticles (20 nm). The results showed that the duration 
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of GO ozonization had a significant influence on the contents 
of GO functional groups, which affected the size and num-
ber of Sn and SnO/SnO2 nanoparticles in the composites. The 
produced electrodes have the potential to be used as anodes 
for high-energy-density Li-ion batteries. The films prepared 
using GO ozonized for 3 h, which had the lowest number of 
carboxylic functional groups, showed the best electrochemi-
cal performance.

11.4 SUMMARY AND CONCLUSIONS

Fundamental and practical aspects of EPD of graphene-based 
materials were discussed in this chapter. While requiring 
simple and low-cost equipment, EPD can produce graphene-
based films with adjustable thicknesses and morphologies 
having interesting properties for various applications. The 
promising results obtained from the EPD of graphene-based 
materials are expected to attract more attention to this tech-
nique for the production of graphene-based coatings and 
films. Owing to the discussed advantages of this technique 
for the deposition of graphene family materials, it might soon 
find its way to the industrial production of graphene-based 
films. Particularly, the discussed results achieved by using 
EPD of graphene materials in the context of energy-related 
applications indicate the high versatility of the method that 
can simplify the ways for the production of solar cells and 
energy storage devices with improved performance. Future 
research will certainly expand the application opportuni-
ties for the EPD of graphene based on better understanding 
of EPD mechanisms. In this context, investigations of the 
kinetics of deposition will increase while the engineering of 
stable suspensions, including mixed suspensions with added 
functional nanoparticles for advanced EPD-based processing 
technologies will attract further research efforts.
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12 Preparation of Graphene by 
Solvent Dispersion Methods and Its 
Functionalization through Noncovalent 
and Covalent Approaches

Xiaoyan Zhang, Wesley R. Browne, Bart J. van Wees, and Ben L. Feringa

ABSTRACT

In this chapter, a review of recent developments in the prepa-
ration of graphene using the solvent dispersion method will be 
discussed followed by a survey of the noncovalent approaches 
taken to disperse graphene. Finally, chemical reactions per-
formed on solvent dispersed graphene, including 1,3-dipo-
lar cycloaddition, zwitterion cycloaddition, nitrene addition, 
nucleophilic addition, the Bingel reaction, radical addition, 
and click chemistry, will be discussed.

12.1 INTRODUCTION

The unique properties of graphene, a one atom thick layer of 
connected carbon atoms with a two-dimensional honeycomb 
lattice, has attracted increasing attention over the last decade 

due to its promising materials properties for a wide range 
of applications varying from electronic devices, to compos-
ites, and biological applications.1–3 However, a prerequisite to 
its application is the availability of methods to obtain high 
quality graphene on a large scale. Several approaches have 
been developed, including mechanical cleavage,4 epitaxial 
growth,5–7 reduction of graphene oxide,8 and solvent disper-
sion of graphite.9 Among these methods, solvent dispersion of 
graphite seems to be the simplest approach to prepare dispers-
ible and near defect-free graphene sheets. However, graphene 
sheets tend to precipitate due to aggregation as a result of 
strong π–π interactions even in aromatic solvents. Chemical 
functionalization of graphene through noncovalent or cova-
lent approaches holds potential in improving the stability and 
processing of dispersed graphene, and may also introduce 
new properties as well as allow tuning of the properties of 
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graphene. In this chapter, a review of the recent develop-
ments in the preparation of graphene using the solvent disper-
sion method will be discussed followed by a survey of the 
 noncovalent approaches taken to disperse graphene. Finally, 
chemical reactions performed on solvent dispersed graphene, 
including 1,3-dipolar cycloaddition, zwitterion cycloaddition, 
nitrene addition, nucleophilic addition, the Bingel reaction, 
radical addition, and click chemistry, will be discussed.

12.2   CHARACTERIZATION TECHNIQUES 
OF GRAPHENE FLAKES

The quality of exfoliated graphene dispersions is usually 
determined using a number of spectroscopic and microscopy 
techniques.

Transmission electron microscopy (TEM) is a convenient 
technique to assess the exfoliation of graphene flakes. The 
number of layers can be determined by examining the edges 
of graphene flakes. Furthermore, electron diffraction can also 
be performed to confirm the presence of single-layer graphene 
flakes.10 If the innermost spots are more intensely stronger 
than the outer spots, it indicates a single-layer graphene flake. 
Otherwise, it is a multilayer graphene flake.10

Atomic force microscopy (AFM) allows for the mea-
surement of the height of graphene flakes, from which the 
 presence of single-layer graphene can be confirmed.4,10 
However, the measured thickness of graphene depends on the 
substrates used, and also the presence of water increases the 
apparent height. A problem often encountered is the aggre-
gation of graphene flakes when deposited onto substrates,9,10 
which can make it difficult to perform analysis of graphene 
dispersions.

Raman spectroscopy is an invaluable technique in the 
study of the quality of graphene.11 The characteristic Raman 
bands for graphitic materials are: a disorder-induced D band 
at ~1350 cm−1, a doubly degenerate zone center E2g mode at 
about 1580 cm−1 (G band, indicative to sp2 carbon bonds), and 
a two phonon double resonance Raman band at ~2700 cm−1 

(2D band). The number of layers of graphene flakes can be 
determined from the shape and full-width at half-maximum 
(FWHM) of the 2D band. The ratio of intensity between the 
D band and G band (ID/IG) is often used to quantify the defect 
level in graphene materials, and can therefore give direct evi-
dence for covalent functionalization of graphene.12

Techniques such as Fourier transform infrared spectros-
copy (FTIR) and x-ray photoelectron spectroscopy (XPS) 
can also be used to study the quality of graphene, with XPS 
providing the composition of graphene samples. Thermal 
gravimetric analysis (TGA) is typically used to determine the 
content of defects or amount of functional groups of the gra-
phene samples.

12.3  PREPARATION OF GRAPHENE 
USING SOLVENT DISPERSION

12.3.1 exFoliation oF Graphene in SolventS

The method of solvent exfoliation of graphite to yield gra-
phene with the aid of sonication was first described by 
Coleman et  al.10 Graphite flakes were sonicated gently in 
N-methyl-2-pyrrolidone (NMP) for half an hour, the mixture 
was centrifuged, and the supernatant was collected. The con-
centration of the dispersions was ca. 0.01 mg mL−1. The pres-
ence of single-layer graphene flakes was confirmed by TEM 
(by checking the number of layers at the edges, Figure 12.1), 
electron diffraction (the intensity of the innermost spots is 
stronger than that of the outer spots) and Raman spectros-
copy (from the shape of the 2D band). The quality of the 
graphene flakes was analyzed by x-ray photoelectron, infra-
red, and Raman spectroscopy, which indicated a low con-
tent of defects. Graphene thin films were fabricated using a 
vacuum filtration method, which, after thermal annealing of 
the graphene films showed conductivity comparable to that of 
reduced graphene oxide. Polymer/graphene nanocomposites 
were also tested and showed enhanced electrical conductivity. 
The authors also pointed out that the optimal solvents for the 

(a) (b)

FIGURE 12.1 TEM image of single-layer graphene flake from NMP dispersion (a) and the corresponding electron diffraction pattern 
(b). (Reprinted by permission from Macmillan Publishers Ltd. Nat. Nanotechnol. Hernandez, Y. et al. 2008. High-yield production of gra-
phene by liquid-phase exfoliation of graphite. 3:563–568, copyright 2008.)
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exfoliation of graphite are those whose surface tension best 
matched with the surface energy of graphene.

After the first report, other solvents such as dimethylfor-
mamide (DMF),13 o-dichlorobenzene (ODCB),14 perfluori-
nated aromatic solvents,15 and ionic liquids16 (Figure 12.2) 
were also used to exfoliate graphite into graphene. The 
obtained graphene dispersions consisted mainly of single- 
and few-layer graphene flakes as confirmed by TEM, AFM, 
and Raman spectroscopy. Coleman et  al. further tested the 
dispersibility of graphene in 40 solvents and concluded that 
good solvents for graphene dispersion are those for which the 
Hildebrand solubility parameter is near to δT ~ 23 MPa1/2 and 
the Hansen solubility parameters are near δD ~ 18 MPa1/2, 
δP ~ 9.3 MPa1/2, and δH ~ 7.7 MPa1/2.17

Mild sonication for a short period only yields low con-
centrations of graphene dispersions in the above-mentioned 
solvents. With prolonged sonication, high concentrations of 
graphene in NMP can be obtained (up to 1.2 mg mL−1).18 
TEM images showed that the size of the graphene flakes 
reduced as a function of time. Raman spectroscopic analysis 
indicated that the D band intensity increased with time as t1/2, 
which means new edges were created during sonication and 
the defects were mainly distributed on the edge of the gra-
phene flakes. Extended sonication of graphite in ionic liquids 
yields high concentrations of graphene dispersions of up to 
5.33 mg mL−1.19 High concentrations of graphene dispersions 
can also be obtained by the addition of NaOH to the solvents 
(NMP, N,N-dimethylacetamide and cyclohexanone).20 NaOH 
is proposed to intercalate graphite, thereby improving the 
exfoliation efficiency. Organic salts such as sodium citrate 
can also dramatically enhance the exfoliation efficiency up 
to 123 times.21

Besides using various solvents, several graphite sources 
can be used also. For example, worm-like exfoliated graphite 
was used to prepare graphene flakes in NMP with the aid of 
sonication and centrifugation.22 Expandable graphite was first 
heated and then quenched in cooled hydrazine hydrate (20%) 
or concentrated ammonia (28%) to generate single- and few-
layer graphene flakes.23

Other methods to disperse graphene in organic solvents 
have been reported.24–27 Ball milling is an optional method to 
exfoliate graphite into graphene.24 Single- and few-layer gra-
phene flakes with thicknesses of around 0.8–1.8 nm were pre-
pared by ball milling of thin graphite in DMF. The graphene 
dispersions were characterized by TEM, electron diffraction, 
AFM, and Raman spectroscopy. The electrical conductivity 
of the graphene film was ca. 1.2 × 103 S m−1 at room tempera-
ture. Supercritical fluid exfoliation of graphite into graphene 
in NMP, DMF, and ethanol was also developed.25 AFM and 
Raman analysis indicated that about 90%–95% of the graphene 
sheets were <8 layers, with approximately 6%–10% monolayers. 
Vortex fluidic devices, which produce shear forces, can be used 
as a “soft energy” source to exfoliate graphite in NMP.26 Ionic 
liquid assisted grinding of graphite into graphene was reported 
by Shang and coworkers.27 The graphene sheets obtained were 
only two to five layers thick. These recent methods significantly 
broaden the range of preparation of graphene dispersions.

12.3.2 exFoliation Graphene in water/SurFaCtant

Dispersion of graphene in aqueous solution is appealing for 
biological applications. However, water has a surface tension 
of 72.8 mJ m−2, which is unsuitable for the direct exfoliation 
of graphene. Coleman et al. demonstrated that graphite could 
be exfoliated into single- and few-layer graphene with the aid 
of sodium dodecylbenzene sulfonate (SDBS, Figure 12.3).28 
An absorption coefficient of α = 1390 mL mg−1 m−1 at 660 nm 
was determined by fitting the absorption data at a different 
graphite concentration. The dispersions are stabilized by 
Coulombic repulsion of the surfactant. X-ray photoelectron, 
infrared, and Raman spectroscopies indicate that the graphene 
flakes contain few defects. The graphene films showed a con-
ductivity of 1.5 × 103 S m−1 after annealing. Other surfactants 

After
ultrasonication

(a) (b) (c)

OO

O O
CF3F3C

S S
N

NN

FIGURE 12.2 Graphite in ionic liquids before (a) and after (b) 
sonication. The Tyndall effect of graphene dispersions (c). (Wang, 
X. et al. 2010. Direct exfoliation of natural graphite into micrometre 
size few layers graphene sheets using ionic liquids. Chem. Commun. 
46:6576–6578. Reproduced by permission of The Royal Society of 
Chemistry.)
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such as sodium cholate can also be used to exfoliate graphite 
in an aqueous solution.29 The annealed graphene films show a 
conductivity of 1.5 × 104 S m−1.

The concentrations of the graphene/surfactant dispersions 
can be further improved by sonication for longer periods (up 
to 0.3 mg mL−1 after 400 h sonication).30 The size of the gra-
phene flakes does not decrease with the increase in sonication 
time, and the yield of single-layer graphene can be up to 10%. 
High concentrations of graphene dispersions (~15 mg mL−1) 
can be prepared by continuous addition of the surfactant dur-
ing the exfoliation process, which is believed to lower the 
surface tension during sonication.31 Gum Arabic assisted exfo-
liation of graphite in water by sonication was reported by Yu 
et al.32 The surfactant residues could be removed completely 
by acid hydrolysis to produce pure graphene. The fabricated 
graphene films showed 20 times higher electrical conductivity 
than reduced graphene oxide.

The properties of graphene depend on thickness, lat-
eral area, and shape.33 Therefore, preparation of monodis-
persed graphene dispersions is useful for device applications. 
Graphene flakes with controlled thickness can be obtained 
by density gradient ultracentrifugation of graphene/sodium 
cholate dispersions.34 The sorted graphene flakes were char-
acterized by AFM and Raman spectroscopy. Graphene films 
prepared using this method showed enhanced performance 
in transparent conducting films compared with the previous 
sedimentation-based centrifugation approach.

12.3.3 Solvent exChanGe method

Solvents such as NMP, DMF, and ODCB, whose surface ten-
sions are close to 40 mJ m−2, are suitable for the direct exfolia-
tion of graphite to form graphene. However, their high boiling 
points limit their use in composites and surface deposition. 
In these cases, solvents with low boiling points are preferred. 
However, most low boiling point solvents (e.g., water and 
ethanol) are unsuitable for the direct exfoliation of graph-
ite because their surface tensions do not match the surface 
energy of graphene.

Recently, our group reported the preparation of graphene 
dispersion in ethanol using a solvent exchange method.35 
Graphene was first exfoliated in NMP, and the graphene 
flakes were collected on a membrane by filtration. The filter 
cake was redispersed in ethanol several times to remove resid-
ual NMP (<0.3 vol%, as determined by FTIR spectroscopy). 
After the solvent exchange, the concentration of graphene in 
ethanol can reach 0.04 mg mL−1. The graphene dispersion in 
ethanol showed at most 20% sedimentation over one week, 
which is comparable to a graphene dispersion in NMP diluted 
with water (NMP: water = 1:99).18 The presence of single- and 
few-layer graphene flakes in ethanol was confirmed by TEM, 
AFM, and Raman spectroscopy (Figure 12.4). The graphene 
films showed electrical conductivity of ca. 1130 S m−1. The 
solvent exchange method indicates that the solvent properties 
that are optimum for initial exfoliation are not necessarily the 
same as those required to maintain the dispersion.

Different approaches to preparation of graphene disper-
sions in various solvents are summarized in Table 12.1.

Sonication is still the most commonly used method to 
prepare graphene dispersions in various solvents. Mild soni-
cation with low power input is normally needed to prepare 
graphene flakes with a low defect content. For other meth-
ods such as high-power ball milling or grinding, care should 
be taken to prevent the introduction of defects on the basal 
plane of graphene. Vortex fluidic, as a relatively soft energy 
tool, can also be used for the exfoliation of graphene, but this 
method is mainly limited by the availability of the Vortex flu-
idic instrument.

12.4 FUNCTIONALIZATION OF GRAPHENE

Although graphene can be dispersed in various solvents using 
the methods above, graphene flakes still tend to precipitate 
in these solvents due to the strong π–π interactions between 
the individual flakes. In order to solve this issue and further 
improve their dispersibility, stability, and processability, a 
range of methods to functionalize graphene noncovalently 
and covalently have been developed.36–84

12.4.1  FunCtionalization oF Graphene 
uSinG nonCovalent methodS

Graphene has a large π system, which facilitates π–π interac-
tions with other conjugated molecules. The advantage of the 
noncovalent methods to modify graphene is that they do not 
destroy the sp2 structure of graphene, and have the potential to 
tune the properties of graphene due to the electronic interac-
tions with the molecules.

12.4.1.1  Noncovalent Functionalization of 
Graphene in Aqueous Media

Aqueous dispersed graphene could be obtained via first grind-
ing expanded graphite with 7,7,8,8-tetracyanoquinodimethane 

1.3 nm2 1

FIGURE 12.4  AFM image of graphene from a dispersion of etha-
nol using the solvent exchange method (size: 2.0 × 2.0 µm).



191Preparation of Graphene by Solvent Dispersion Methods

(TCNQ) using a mortar and pestle, then dimethyl sulfoxide 
was added to facilitate the diffusion of TCNQ into the inter-
layer of expanded graphite, and finally the mixture was soni-
cated in aqueous KOH solution (Figure 12.5).36 The TCNQ 
anion stabilized graphene could also be dispersed in DMF 
and DMSO. The hybrid materials were characterized by 
TEM, AFM, FTIR, and Raman spectroscopy.

Graphite was exfoliated in an aqueous solution of a perylene-
based bolaamphiphile detergent, which yielded single-layer and 
few-layer graphene flakes in water by taking advantage of π–π 
and hydrophobic interactions between the detergent and gra-
phene.37 The dispersions formed were spin-coated onto silicon 
wafers, which were characterized by optical and Raman micros-
copy. AFM showed that the height of the graphene flakes have 
a distribution ranging from 0.5 to 2 nm. A perylene dye cova-
lently linked to hydrophilic poly(vinyl alcohol) (PVA) chains 
was employed to prepare stable aqueous graphene dispersions, 
as demonstrated by UV/Vis and Raman spectroscopy.38 The 
obtained graphene dispersions were used to fabricate transpar-
ent and flexible films. The presence of graphene dramatically 
increased the glass transition temperature of PVA.

Other stable aqueous graphene dispersions were prepared by 
sonicating graphite in the presence of 1-pyrenecarboxylic acid 
(PCA).39 PCA acted as both a molecular wedge to cleave graph-
ite layers, and also as a stabilizer to disperse graphene due to π–π 
interactions between the pyrene unit and graphene. Furthermore, 
the hydrophilic carboxylic acid groups in PCA facilitated gra-
phene to form a stable dispersion in water. The PCA function-
alized graphene was used as a sensor to detect ethanol vapor, 
and the resistance of the functionalized graphene changed 
rapidly >10,000%. This can be potentially used for breatha-
lyzers and industrial alcohol leakage sensing. Ultracapacitors 
with very high specific capacitance (~120 F g−1), power den-
sity (~105 kW kg−1), and energy density (~9.2 Wh kg−1) were 
also fabricated using this functionalized graphene.39 The PCA 
functionalized graphene were also laminated onto flexible and 
transparent polydimethylsiloxane (PDMS) membranes.40 The 
hybrid structure can block 70%–95% of ultraviolet (UV) light, 
while allowing ≥65% transmittance in the visible region. The 
PCA–graphene–PDMS hybrids could potentially be used in 
flexible UV absorbing/filtering applications. Furthermore, the 
electrical resistance of these structures showed high sensitivity 

TABLE 12.1
Comparison of Available Approaches to Disperse Graphene in Solvents

Reference Starting Materials Solvents Method
Concentrations 

(mg mL−1) Size Thickness (nm)
Conductivity 

(S m−1)

[10] Graphite powders NMP Sonication (0.5 h) 0.01 A few µm Single- and few-layer 6500

[13] Natural graphite 
crystal

DMF Sonication (3 h) – Submicrometer Single- and few-layer 5 kΩ

[14] Microcrystalline 
synthetic graphite/ 
expanded 
graphite/HOPG

ODCB High-shear mix (1 h) 
plus sonication 
(0.5 h)

0.03/ < 0.02 100–500 nm Single- and few-layer 1500

[15] Graphite powders Perfluorinated 
aromatic solvents

Sonication (1 h) 0.05–0.1 Submicrometer to 
micrometer

Single- and few-layer –

[16] Natural graphite 
flakes

Ionic liquids Sonication (1 h) 0.95 Micrometer <5 layers –

[18] Natural graphite 
powders

NMP Sonication 
(0.5–462 h)

0.06–1.2 Several µm Single- and few-layer 1.8 ± 0.1 × 104

[19] Graphite flakes Ionic liquids Grinding and 
sonication (24 h)

5.33 3–4 µm average thickness 
~2 nm

–

[22] Worm-like graphite NMP Sonication (0.5 h) – Several µm Single- and few-layer –

[24] Graphite 
nanosheets

DMF Ball milling (30 h) – – ≤3 layers (0.8–1.8 nm) 1200

[26] Pristine graphite NMP Vortex fluidic 
exfoliation (0.5 h)

–  ≤1 µm Single- and few-layer –

[28] Graphite power SDBS/water Sonication 0.002–0.05 Several µm Single- and few-layer 1500

[29] Natural flake 
graphite

Sodium cholate/
water

Sonication 0.05–0.3 Several hundred 
nm to 1 µm

Single- and few-layer 17,500

[32] Natural graphite 
powder

Gum Arabic/water Sonication – Several hundred 
nm to 2 µm

Single- and few-layer 10,000

[35] Graphite flakes Ethanol Sonication and 
solvent exchange

0.04 Several hundred 
nm to several µm

Single- and few-layer 1300

Note: –, Data not available.
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to visible light, pressure change, and the presence of molecular 
analytes.

An amphiphilic pyrene was employed to exfoliate graphite 
into single- and bilayer graphene flakes in an aqueous solu-
tion (Figure 12.6).41 The π–π interactions between the pyrene 
units and graphene were confirmed by UV/Vis absorption 
and fluorescence spectroscopy. AFM measurements indicated 
that the graphene flakes were composed of single-layer sheets 
with a thickness of ca. 2 nm. TEM and SEM images showed 
that the sizes of the graphene flakes are 2–4 µm in diameter. 
Raman spectra demonstrated that the graphene dispersions 
predominantly consisted of single- and bilayer graphene 
flakes. The prepared graphene films showed high transpar-
ency and conductivity. Pyrene-conjugated hyaluronan could 
also be used to exfoliate graphite in water with the assistance 

of sonication, and the hybrid material could have potential 
biomedical applications.42

p-Phosphonic acid calix[8]arene assisted the exfoliation 
and stabilization of graphene dispersions in water as reported 
by Raston et  al.43 The as-prepared graphene was character-
ized by XPS, TEM, AFM, SEM, and Raman spectroscopy. 
Noncovalent functionalization of graphene in water using tri-
phenylene derivatives was demonstrated by Green et al.44 The 
obtained graphene dispersions were mixed with poly (vinyl 
alcohol) using a simple solution casting process. The compos-
ites showed enhanced mechanical and electrical properties at 
low filler fraction.

Water dispersible graphene/porphyrin hybrids were 
obtained by combining a positively charged pyrene  derivative 
and negatively charged porphyrins.45 The hybrid materials 
were characterized by UV and fluorescence titration experi-
ments. Photoelectrodes were fabricated using the hybrid 
materials through layer by layer deposition, and a photocur-
rent response of up to 360 nA was achieved. CdTe quantum 
dots were also immobilized onto graphene to form stable 
aqueous dispersions.46 Two strategies were used to incorpo-
rate CdTe quantum dots onto graphene (Figure 12.7). In the 
first approach, CdTe quantum dots were covalently modi-
fied with pyrene, which provided for π–π interactions with 
exfoliated graphite. In the second method, positively charged 
pyrene was used to exfoliate graphite into water, and subse-
quently negatively charged CdTe quantum dots were immo-
bilized via electrostatic interactions. From spectroscopic 
measurements, it is evident that the degree of graphene 
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FIGURE 12.5 Graphene (a) is stabilised (b) by TCNQ in DMSO 
as its anion followed (c) by dispersion by sonication in water and 
(d) centrifugation and redispersion by sonication in water, ethanol, 
DMF, and dimethyl sulfoxide. (Hao, R. et al. 2008. Aqueous disper-
sions of TCNQ-anion-stabilized graphene sheets. Chem. Commun. 
6576–6578. Reproduced by permission of The Royal Society of 
Chemistry.)

1

FIGURE 12.6 Exfoliation of graphite using an amphiphilic 
pyrene  1. (Lee, D.-W.; Kim, T.; and Lee, M. 2011. An amphiphi-
lic pyrene sheet for selective functionalization of graphene. Chem. 
Commun. 47:8259–8261. Reproduced by permission of The Royal 
Society of Chemistry.)

QD-pyrene/exfoliated graphite (EG) QD-pyrene+/nanographene (NG)

FIGURE 12.7 The two approaches to prepare graphene/CdTe 
quantum dots hybrid materials. (Reprinted with permission from 
Katsukis, G. et al. 2012. Toward combining graphene and QDs: 
Assembling CdTe QDs to exfoliated graphite and nanographene in 
water. ACS Nano 6:1915–1924. Copyright 2012 American Chemical 
Society.)
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exfoliation very much affected the electronic communication 
between graphene and the CdTe quantum dots. A clear tran-
sient bleach in the near-infrared region was observed in the 
hybrid materials.

In a more recent report, diazaperopyrenium dications were 
used to assist the direct exfoliation of graphite into graphene 
in aqueous media.47 The graphene dispersions were stable for 
more than 3 weeks without precipitation. Several microscopic 
and spectroscopic measurements were performed to confirm 
the exfoliation behavior of graphene in water. Fluorescence 
quenching of the hybrid material indicated interactions 
between graphene and the diazaperopyrenium dications in 
the excited state.

12.4.1.2  Noncovalent Functionalization of 
Graphene in Organic Media

Graphite can be exfoliated in NMP using both porphyrins 
and ammonium ions.48 The proposed mechanism is that first 
a ammonium ion intercalates the interlayer of graphite fol-
lowed by porphyrin-induced exfoliation. The graphene/por-
phyrin hybrid materials were characterized by UV, TEM, 
AFM, FTIR, and Raman spectroscopy. A zinc phthalocya-
nine-poly(p-phenylene vinylene) oligomer was used to exfo-
liate graphite forming stable graphene dispersions in THF.49 
The functionalized graphene was characterized by UV, 
TEM, and Raman spectroscopy. Transient absorption mea-
surements indicated electron transfer from zinc phthalocya-
nine to graphene took place upon excitation. Using a similar 
method, the same group also prepared porphycenes/graphene 
hybrids, which were studied by UV, FL, TEM, and Raman.50 
Time-resolved photophysical measurements confirmed elec-
tron transferred from graphene to porphycenes, which is the 
first report on the electron donating features of graphene in 

solution. Dye-sensitized solar cells (DSSCs) were also tested 
using the porphycenes/graphene hybrids, which led to an 
improved device performance due to the efficient electron 
transfer process from graphene to porphycene and finally to 
the ZnO photoanode.

Phthalocyanines and porphyrins bearing four pyrene units 
were used to form donor–acceptor hybrids with graphene 
through π–π interactions (Figure 12.8).51 Femtosecond tran-
sient absorption spectroscopy indicated that ultrafast charge 
separation and relatively slow charge recombination processes 
occurred. Noncovalent functionalization of graphene in NMP 
using dendronized perylene bisimides was reported by Hirsch 
et al.52 The electronic interactions between graphene and den-
dronized perylene bisimides were confirmed by fluorescence 
quenching.

Benzylamine-assisted noncovalent exfoliation of graphite 
in isopropyl/water mixture was reported by Kuo et al.53 The 
exfoliated graphene, with a low defect content, was character-
ized by TEM and Raman spectroscopy. Platinum nanopar-
ticles were anchored to the graphene with benzylamine as 
a stabilizer. The graphene/platinum hybrids were used as 
electrode material, which showed increased catalytic activ-
ity toward methanol oxidation compared with commercial 
electrodes. A similar system composed of graphene/1-pyre-
namine/platinum was developed.54,55 The hybrid materials 
exhibited higher electrocatalytic activity (1.4 times) and sta-
bility (3.5 times) toward methanol oxidation than commercial 
Pt/Vulcan XC-72R catalysts. Melamine was also used to exfo-
liate graphite using a ball-milling method.56 The graphene 
flakes were characterized by UV/Vis, XPS, TEM, and Raman 
spectroscopy, indicating that few-layer graphene flakes with 
low defects were prepared. The dispersions were stable in 
water and DMF for weeks.
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FIGURE 12.8 Chemical structures of phthalocyanine and porphyrin bearing four pyrene units. (K. C. CB. et al. 2012. Ultrafast charge 
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1-Cyanoethyl-2-ethyl-4-methylimidazole was employed as 
a stabilizer for graphene dispersions in acetonitrile and also 
acted as a reducing agent for silver to enable silver nanoparti-
cles to deposit on graphene flakes.57 Highly conductive epoxy-
based composites were prepared by using the graphene/silver 
nanoparticles obtained as a nanoscale filler. Noncovalent 
functionalized graphene using 1-pyrenebutyric acid was 
incorporated into the epoxy matrix, and the nanocomposites 
showed enhanced mechanical properties and thermal conduc-
tivity due to the homogeneous dispersibility and compatibility 
of graphene with the polymer matrix.58

Poly(fluorene-alt-phenylene) appended with redox-active 
anthraquinone moieties and graphene hybrid materials, 
obtained with the help of mild sonication in NMP, were 
reported by Segura et al.59 The presence of the conjugated 
polymer was confirmed by UV/Vis absorption spectros-
copy. The interactions between the polymer and graphene 
were characterized by fluorescence quenching and the 
anodic shift of the reduction potential of anthraquinone as 
described by cyclic voltammetry (0.81 V). Oligothiophene-
terminated poly (ethylene glycol) was used to exfoliate 
graphite to yield graphene in ethanol.60 Graphene films 
were fabricated from the exfoliated graphene dispersions by 
vacuum filtration. The film shows high performance with a 
sheet resistance of 0.3 kΩ sq−1 and a transparency of 74% at 
550 nm after being treated with nitric acid and thionyl chlo-
ride. Nitric acid and thionyl chloride were used to remove 
the surfactant residues, and also increase the transmit-
tance and conductivity of the graphene films. Water-soluble 
polymer functionalized graphene dispersions in dimethyl 
sulfoxide were prepared by Wang et  al.61 The polyvinyl 
pyrrolidone (PVP)/graphene-based catalyst showed better 
methanol oxidation performance than the prepared PVP/
reduced graphene oxide catalyst. Poly(4-vinylpyridine)/gra-
phene hybrids were also prepared and showed a stable and 
reversible response to pH change, which could potentially 
be used in sensors. Pyrene-based amphiphilic block copoly-
mer exfoliated graphene in aqueous and organic media was 
also reported.62 The as-prepared graphene/polymer com-
posites showed enhanced tensile strength compared with 
pristine graphene.

12.4.2  FunCtionalization oF Graphene 
uSinG Covalent methodS

The covalent functionalization of graphene has recently seen 
increased attention, as it potentially provides more stable and 
robust hybrid materials compared with noncovalent function-
alized graphene. Covalently functionalized graphene can also 
be used for subsequent chemical processes, which are incom-
patible with noncovalently functionalized graphene. Although 
the chemical reactivity of graphene is less than that of fuller-
enes and carbon nanotubes, the wrinkled and folded struc-
ture and defects present in graphene can increase its reactivity 
toward organic reagents.63,64

12.4.2.1 1,3-Dipolar Cycloaddition
The 1,3-dipolar cycloaddition reaction was performed previ-
ously on fullerenes and carbon nanotubes.65 Recently, it was 
also successfully applied to graphene.66–68 Georgakilas et al. 
prepared hydroxyl functionalized graphene by reacting gra-
phene with N-methyl-glycine and 3,4-dihydroxybenzaldehyde 
in a mixture of pyridine/DMF.66 The increased D to G band 
ratio in the Raman spectra indicated the successful function-
alization of graphene. The functionalization degree was esti-
mated to be one functional group per 40 carbon atoms. The 
hydroxyl functionalized graphene showed good dispersibility 
in ethanol and DMF. Using gold nanorods as an indicator, 
Prato et  al. demonstrated that the 1,3-dipolar cycloaddition 
reaction can occur on the edges and basal plane of graphene 
(Figure 12.9).67

Photoactive materials such as porphyrins and Pd (II)-
porphyrin were chemically attached onto graphene by Feringa 
et  al. (Figure 12.10).68 The presence of porphyrin was con-
firmed by UV/Vis spectroscopy and XPS. Fluorescence and 
phosphorescence quenching together with decreased excited 
state lifetimes indicate that energy- and/or electron-transfer 
quenching between graphene and the covalently bound por-
phyrins occurs. The relatively low content of porphyrin in 
the hybrids is beneficial to retain the inherent properties of 
graphene. The hybrid materials could be potentially used in 
electrochemical cells and catalysis.69 Guldi et  al. reported 
that phthalocyanines were chemically linked to graphene 
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using a similar method.70 Physicochemical measurements 
reveal an ultrafast charge separation from the phthalocya-
nines to graphene followed by a slower charge recombination. 
Triphenylamine functionalized graphene was also prepared 
and modified with platinum nanoparticles.71 The hybrid mate-
rials was used as a photocatalyst for H2 evolution.

12.4.2.2 Zwitterion Cycloaddition
Functionalized graphene can also be obtained through a 
zwitterion intermediate cycloaddition approach on sol-
vent dispersed graphene flakes as shown by Feringa et  al.72 
4-Dimethylaminopyridine (DMAP) adds to the triple bond of 
acetylene dicarboxylates to form a zwitterionic intermediate, 
which then reacts with a double bond of graphene followed 
by reaction with the carbonyl group. Finally, the positively 
charged DMAP moiety is substituted by an alkoxy group, 
yielding the functionalized graphene product (Figure 12.11). 
The functionalized graphene obtained formed stable dis-
persions in common solvents, including DMF, CHCl3, and 
water. Its dispersion in water is especially useful in a wide 
range of areas, such as composites, devices, and biological 
applications.

12.4.2.3 Nitrene Addition
Barron et  al. reported the functionalization of exfoliated 
graphene using azido-phenylalanine by doing a nitrene addi-
tion.73 The degree of functionalization of the covalently 

modified graphene flakes is 1 phenylalanine substituent per 13 
carbons as determined by x-ray photoelectron spectroscopy 
(XPS). The functionalization took place on the edges and 
basal plane of the graphene. Valiyaveettil et al. demonstrated 
the functionalization of surfactant/graphene flakes using alkyl 
azides.74 The alkyl functionalized graphene showed enhanced 
dispersibility in acetone and toluene. The free carboxylic acid 
groups at the end of alkyl chains can be used to bind gold 
nanoparticles, which acted as markers for the reactive sites on 
graphene. Perfluorophenylazides were reacted with graphene 
by photochemical or thermal activation (Figure 12.12).75 
Alkyl, ethylene oxide, or perfluoroalkyl groups were attached 
to graphene, which provided either organic or water dispers-
ible graphene. In a recent report by Li et al.,76 graphene was 
functionalized with tetraphenylethylene by nitrene addition 
and the obtained functionalized graphene showed good dis-
persion stability in both polar and apolar solvents.

12.4.2.4 Nucleophilic Addition
A zinc phthalocyanine–graphene hybrid material was pre-
pared by Tagmatarchis et al. using the nucleophilic addition 
of primary amines to exfoliated graphene (Figure 12.13), 
which was obtained by sonication in ODCB.77 The hybrid 
material was stable in common organic solvents without 
precipitation for several weeks. The degree of functionaliza-
tion of the hybrid was 1 zinc phthalocyanine per 518 carbon 
atoms determined by TGA. Spectroscopic studies indicate 
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that electronic interaction occurs between graphene and 
phthalocyanine both in the ground and excited state. The zinc 
phthalocyanine–graphene hybrid was used as a photoanode in 
a photoelectrochemical cell, which showed a prompt, stable, 
and reproducible photocurrent.

12.4.2.5 Bingel Reaction
Highly functionalized graphene can also be obtained using 
the Bingel reaction, in which cyclopropanated malonates 
covalently attach to the double bond of the graphene lattice.78 
In this case, graphene flakes were prepared by sonication 
of graphite in benzylamine. Then the exfoliated graphene 
flakes were reacted with bromo-malonates in the presence of 
1,8-diazabicycloundec-7-ene (DBU) under microwave irradi-
ation conditions (Figure 12.14). The functionalized graphene 
materials form stable dispersions in common organic solvents 
and were characterized by several spectroscopic and micros-
copy techniques. The authors also pointed out that the choice 
of solvent for the reaction is crucial for the production of 
functionalized graphene. This method was used to link redox-
active tetrathiafulvalene (TTF) units covalently to graphene. 
Electrochemical measurements indicated the formation of a 
radical ion pair between graphene and TTF. In a recent report, 
TEMPO radicals were covalently attached on graphene using 
the Bingel reaction.79 The TEMPO radical modified graphene 
was characterized by TGA, Raman, XPS, and also electron 

paramagnetic resonance (EPR) measurements. Transport 
measurements indicate that the properties of graphene were 
affected by the density of radicals attached. A low field mag-
netoresistance (LFMR) effect was also observed at low tem-
peratures for the hybrid material.

12.4.2.6 Radical Addition
Radical addition of perfluorinated alkyl iodides to graphene 
was performed under thermal or UV photolysis conditions.80 
Graphene flakes were prepared by sonication of graphite in 
ODCB. The perfluorinated functionalized graphene was 
characterized by XPS, Raman, and AFM measurements, and 
also showed enhanced dispersability in CHCl3. Polystyrene 
functionalized graphene can be obtained by sonication of 
graphite in styrene via a one-step sonochemically initiated 
radical polymerization.81 The successful functionalization of 
graphene with polystyrene was confirmed by FTIR, Raman, 
and XPS. The morphology of both graphene and functional-
ized graphene was characterized by AFM, TEM, and SEM. 
The content of polystyrene in the functionalized graphene 
is about 18%, as determined by TGA. The graphene–poly-
styrene hybrid material forms stable dispersions for several 
months in common organic solvents, such as DMF, THF, 
toluene, and chloroform, which provides potential for their 
use in graphene-based composite materials. Another example 
of a graphene–polymer hybrid was prepared using Bergman 
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cyclization.82 Enediyne-containing dendrimers were reacted 
with graphene in NMP through addition and propagation of 
diradicals, which formed conjugated polymers on graphene 
(Figure 12.15). The functionalized graphene was charac-
terized with FTIR, Raman, and AFM. The degree of func-
tionalization was 1 functional group per ~960 carbon atoms 
according to TGA. The low degree of functionalization of 
graphene allows the sp2 structure of graphene to be preserved, 
which results in good electrical conductivity of the function-
alized graphene. The graphene–polymer products form stable 
dispersions in NMP, DMF, ODCB, THF, chloroform, toluene, 
and ethyl acetate.

12.4.2.7 Click Chemistry
The click reaction on graphene was reported by Strano et al.83 
Graphene flakes were prepared by sonication of graphite in 
sodium cholate solution. Alkyne terminated groups were 
then introduced onto graphene via a diazonium reaction 
(Figure 12.16). Subsequently, polyethylene glycol chains were 
attached onto graphene using the azide–alkyne cycloaddition 
reaction. The functionalized graphene was characterized by 

FTIR and Raman spectroscopy. It forms stable dispersions in 
water after dialysis to remove the surfactant. The functional-
ized graphene dispersions also show increased zeta-potential 
and surface tension compared to pristine graphene disper-
sions. Raman mapping suggested that edges and defects are 
the preferred reactive sites.

12.4.2.8 Hydrogenation
Graphite powder was hydrogenated using lithium in liquid 
ammonia with tert-butyl alcohol as the source of protons 
(Figure 12.17).84 The hydrogenated graphene was highly exfo-
liated, which was characterized by XRD, AFM, and electron 
microscopy. The chemical composition of the hydrogenated 
graphene was expressed as (C1.3H)n determined by elemental 
analysis. Electron energy loss spectroscopy mapping studies 
showed that both the basal plane and edges of the graphene 
were covered by hydrogen. UV/Vis absorption spectroscopy 
of the hydrogenated graphene indicated a large band gap of 
~4 eV. Using a similar method, Hirsch et  al. reported the 
preparation of polyhydrogenated graphene by reacting graph-
ite in NH3/ND3 with Li, using H2O/D2O as the quenching 

Cl

o-DCB/sonication

N

N
NN

N

N

N N
NH2

N N N

NH

H

NH

NNN
N

N
N
N

O

2

N
Zn

O

N
N

Zn
NN

N

O

1

o-DCB/reflux/96 h

Zn

Cl

Cl Cl Cl

Cl

Cl Cl

Cl Cl Cl

Cl

H

FIGURE 12.13  Covalent functionalization of graphene with zinc phthalocyanine using nucleophilic addition. (Reprinted with permis-
sion from Karousis, N. et al. 2012. Zinc phthalocyanine–graphene hybrid material for energy conversion: Synthesis, characterization, 
photophysics, and photoelectrochemical cell preparation. J. Phys. Chem. C 116:20564−20573. Copyright 2012 American Chemical 
Society.)



198 Graphene Science Handbook

NH2
NH2

NH2

NH2
Benzylamine

sonication

NH2
NH2

CBr4, DBU,
MW irradiation

–CH2CH3 G1

1 or 2

O

OO

O O

1

S S

SS

O

2

OO

O

O

O
O O

O O

O O
O O

OR
R

R:
S S

G2

S S

R

NH2

NH2
NH2

FIGURE 12.14  Preparation of functionalized graphene using Bingel reaction. (Reprinted with permission from Economopoulos, S. P. et al. 
2010. Exfoliation and chemical modification using microwave irradiation affording highly functionalized graphene. ACS Nano 4:7499–
7507. Copyright 2010 American Chemical Society.)

O(CH2)15CH3

Bergman cyclization

OR

H
OR

OR

n

m

O(CH2)15CH3

G2

O
OCH2Ph

O

G1

R = 

OCH2Ph

FIGURE 12.15  Functionalization of exfoliated graphene using Bergman cyclization. (Ma, X. W. et al.: Functionalization of pristine gra-
phene with conjugated polymers through diradical addition and propagation. Chem. Asian. J. 2012. 7. 2547–2550. Copyright Wiley-VCH 
Verlag GmbH & Co. KGaA. Reproduced with permission.)



199Preparation of Graphene by Solvent Dispersion Methods

reagents.85 The polyhydrogenated graphene was characterized 
by FTIR, TGA, 13C NMR, XPS, and Raman spectroscopy. 
The exfoliation of the functionalized graphene was confirmed 
by AFM. The polyhydrogenated graphene showed strong fluo-
rescence, indicating that isolated and electronically decoupled 
domains of π-conjugated regions are formed.

Table 12.2 summarizes the various methods and condi-
tions used for the covalent functionalization of graphene.

12.5  CONCLUSIONS AND FUTURE ASPECTS

The preparation of graphene using the solvent dispersion 
method has already seen impressive progress during the last 
five years. Single- and few-layer graphene flakes with rela-
tively small size can be prepared in various solvents. Toward 
future improvements of the solvent dispersion method of gra-
phene, the preparation of graphene with large size and low 
content of defects is highly desirable. Also, developing new, 
mild, and effective methods to exfoliate graphite to prepare 
graphene is appealing. Controlling the nature of graphene 

flakes and selecting graphene flakes with uniform thickness 
and size, and avoiding of contamination are important aspects 
for device applications.

The functionalization of graphene using noncovalent 
and covalent approaches has seen major developments over 
the past decade, especially combining graphene with func-
tional molecules bearing photoactive or redox active units. 
However, functionalization of graphene is still immature. 
For the noncovalent functionalization of graphene, the meth-
odology for the understanding of the charge transfer process 
and the spatial distribution of charge carriers will be funda-
mentally important to further design novel graphene-based 
hybrid materials.

Covalent functionalization on graphene may affect the 
electronic properties of graphene. Therefore, controlling 
the degree of functionalization of graphene is important for 
graphene-based device applications. Site-selective function-
alized graphene, for example, edge selective functionalized 
graphene, is expected to preserve the intrinsic properties of 
graphene and at the same time introduce novel properties 
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to these hybrid materials. On the other hand, incorporating 
covalently functionalized graphene into polymers or other 
matrices is expected to allow nanocomposites with enhanced 
mechanical, electrical, and thermal properties to be fabri-
cated. In particular, milder approaches to the covalent func-
tionalization of graphene still need to be developed to broaden 
the chemistry of graphene and their applications.
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13 Synthesis of Reduced Graphene 
Oxide Obtained from Multiwalled 
Carbon Nanotubes and Its 
Electrocatalytic Properties

Michail O. Danilov, Ivan A. Slobodyanyuk, Igor A. Rusetskii, 
and Gennadiy Ya. Kolbasov

ABSTRACT

Various methods are presented for the preparation of gra-
phene oxide, and an approach to the selection of oxidants for 
breaking and oxidizing multiwalled nanotubes with allow-
ance for carbon–carbon bond-breaking energy is proposed. 
Methods for the reduction of graphene oxide are considered, 
and recommendations are given with respect to the choice of 
reductants on the basis of comparing standard electrochemi-
cal redox potentials of reductants and oxygen-containing 
graphene oxide grouping; a procedure for the preparation of 
graphene oxide is proposed. A structure peculiarity of gra-
phene sheet is that the charge carriers have an unlimited free-
dom to move in plane. They are confined in a narrow space 
between “walls” bounded by atomic p-orbitals, which are 
spaced the shortest atomic distance of ~0.3 nm apart. This 
peculiarity gives rise to unique electrophysical and electro-
chemical characteristics and other unusual properties of gra-
phene. Applications of reduced graphene oxide as a catalyst 

support for power sources are described. A qualitative assess-
ment of the catalytic properties of catalysts for possible depo-
sition on reduced graphene oxide is proposed. The reduced 
graphene oxide developed by the authors of this chapter 
promises much as an electrode material for power sources, 
can be easily produced, and has a low cost.

13.1 THE ROAD TO GRAPHENE (SYNOPSIS)

Year Events References

1985 Fullerenes (C60 and C70) were discovered [1]

1991 Nanotubes were discovered [2]

2006 Graphene was obtained [3]

The fact that Ijima was the first to discover nanotubes is chal-
lenged by many previous papers [4–14].

Carbon belongs to elements with rich allotropy. There are 
the following structural forms of solid-state carbon: diamond 
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with tetrahedral lattice (Figure 13.1a), graphite with hexago-
nal structure of basal planes (graphenes) packed into a close-
packed layer lattice (Figure 13.1b), lonsdaleite (Figure 13.1c), 
which is also called hexagonal diamond, fullerenes, includ-
ing C60 (Figure 13.1d through f), amorphous carbon (Figure 
13.1e), carbon nanotubes (CNTs) (Figure 13.1h).

Besides the allotropic forms of carbon, shown in 
Figure  13.1, there is also carbin, the linear chain modifica-
tion of carbon, either with polyine (–C≡C–) or polycumulene 
(=C=C=) structure.

Graphene is a planar polynuclear aromatic macromolecule 
with two-dimensional order of carbon atoms, which corre-
sponds to the order of atoms on the basal face of graphite 
crystal, that is, it consists of carbon hexagons C6 formed by 
the carbon atoms that are in the sp2π-hybridized state. Based 
on the Van der Waals radius of carbon atom, the graphene 
thickness is 0.34 nm.

Over 70 years ago, Landau and Peierls demonstrated by a 
thermodynamic analysis, based on the summation of fluctua-
tions of atomic positions [15–19], that one- and two-dimen-
sional crystal structures are unstable. Currently, the existence 
of stable graphene sheets is accounted for by the fact that in 
the equilibrium state, the graphene surface is not flat but wavy 
[20–25] with a lateral dimension of spatial inhomogeneities of 
about 5–10 nm and a height of 1 nm [26,27].

In 1995, the international organization, IUPAC, decided 
that earlier terms, such as “graphite layers,” “carbon layers,” 

or “carbon sheets,” would henceforth be replaced by the term 
“graphene,” and that the use of the term “graphite” for individ-
ual layers was considered to be incorrect. “Graphite” relates 
only to the three-dimensional structure. The term “graphene” 
can be used in reference to reactions, structural, or other prop-
erties inherent in individual layers [28].

Analyzing the accumulated body of publications on gra-
phene, one can ascertain that the main part of the works is car-
ried out with few layer graphite-like materials of turbostratic 
structure, and that the research is of phenomenological nature.

The most laborious problem in the preparation of graphene 
is not so much the synthesis of samples as the identification 
and determination of their main parameters (dimensions, the 
number of layers, functional surface groups).

To identify graphene, Raman spectroscopy is used [29–32], 
which allows one to determine not only the number of lay-
ers, but also the mutual arrangement of layers in the graphene 
structure. To determine the number of layers in graphene 
samples, low-energy electron diffraction (LEED) is also 
used. The nature of functional groups can be established by 
x-ray photoelectron spectroscopy (XPS) together with infra-
red spectroscopy (IRS). The absorption of sols in ultraviolet, 
methods of transmission electron microscopy (TEM), atomic-
force spectroscopy (AFS) [33] and scanning tunnel micros-
copy (STM) [34,35] are also employed, which allow one to see 
the defects in the graphene obtained. To determine the size 
of graphene particles in suspensions, the method of dynamic 
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FIGURE 13.1 Allotropic forms of carbon: diamond (a), graphite (b), lonsdaleite (c), fullerenes (d–f), including C60 (e), amorphous carbon 
(g), CNTs (h).
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light scattering is used. Electrical conductivity and specific 
surface area are also measured as macroscopic parameters. 
The current state of these methods as applied to graphene is 
described in reviews [36–40].

Raman spectroscopy (RS-spectroscopy) is a nondestructive 
and rapid method for the identification of graphenes, which 
makes it possible to reliably distinguish them from disperse 
graphite and from two- and three-layer graphite [30]. References 
31 and 32 show that for graphite and graphene, two main peaks 
are observed in Raman spectra: G-line corresponding to twice 
degenerate deformation vibrations of six-membered ring in E2g 
electron configuration of D4

6h crystal symmetry (vibrations of 
an sp2 carbon bond system, graphite-like zone) (~1580 cm−1) 
and 2D-line (~2700 cm−1), which is an overtone of the D-line 
corresponding to the vibrational states of destroyed hexago-
nal lattice near the crystal boundary (not completely ordered 
transient forms of carbon: comminuted graphite, pyrographite, 
coal, carbon black; defective zone) (~1350 cm−1). Figure 13.2 
shows a typical Raman spectrum for graphite and graphene.

For graphene, a symmetrical narrow peak of the 2D-line 
is observed, whereas for graphite an unresolved broadened 
peak, shifted to the long-wavelength region relative to gra-
phene, is observed. This method does not allow one to deter-
mine the exact number of layers when their number increases 
to 5–10. At the same time, accurate analysis of RS spectra 
of graphene allows one to determine the degree of structure 
imperfection through the scattering of laser radiation excited 
π-electrons by defects. The band intensity ratio (ID/IG) charac-
terizes the degree of crystallinity (disorder of graphene layers) 
or averaged microcrystal diameter analogous to that which is 
calculated from x-ray diffraction data.

The lateral dimension of graphene sheets that are in the 
form of a dispersion in the solvent is reliably determined by 
the method of dynamic light scattering. The method gives the 
upper limit of the dimensions of graphene sheets but does not 
allow determination of their thickness.

A method that is suitable for the determination of gra-
phene sheet thickness and hence the number of sheets is 
AFM. However, the quality of the results of using this method 

depends largely on the preparation of the sample, its deposi-
tion on the substrate, and the choice of substrate [33].

According to the method of LEED, the intensity ratio of 
the peaks (1100) and (2110), I(1100)/I(2110), bears an information 
on the number of sheets. The bimodal nature of distribution 
at the intensity ratio I(1100)/I(2110) ~0.35 and ~1.5 indicates the 
presence of two-layer and one-layer graphene samples [25]. In 
Reference 25, the identification of one-layer graphene sheets 
is corroborated by the agreement of measured intensity ratio 
values with the results of earlier measurements: I(1100)/I(2110) 
~0.4 for two-layer graphene sheets and I(1100)/I(2110) ~1.4 for 
one-layer ones and with the results of measurements by the 
RS method.

In the XPS method, the main peak at 284.6 eV relates to 
the spectrum of 1s carbon atoms in graphite. The shoulder of 
the main peak at 286.3 eV appears in the presence of ≡C–OH 
hydroxyl groups, the shoulder at 287.6 eV in the presence of 
>C=O carbonyl groups and the shoulder at 288.8 eV in the 
presence of –C(O)OH carboxyl groups. The spectrum of 1s 
oxygen atoms exhibits three components: at 531.6, 533.3, and 
534.7 eV, which correspond to the O=C, O–C, and H–O–H 
bonds.

In IR spectroscopy, the presence of –C(O)OH group can 
be judged by the presence of characteristic bands υc=o = 1614–
1620 cm−1 (–COO−) and υc=o = 1710–1735 cm−1 (–COOH) and 
bands at 1585–1590, 1200–1205 and 1080 cm−1. The bands 
at 1207 cm−1 (asym.) and 1040 cm−1 (sym.) correspond to 
vibrations of C–O–C ether groups, the bands at 1267 and 
822 cm−1 to vibrations of epoxy groups, and the bands at 
3350–3500 cm−1 to vibrations of –OH groups. In the presence 
of CH groups, bands at 2820–2950 (2850 and 2922) cm−1 and 
at 1450–1470 cm−1 manifest themselves.

Ultraviolet absorption spectra are determined by the exci-
tation of electronic levels of atoms and molecules and have 
maxima, the position of which is typical of certain atomic 
groups, conjugated double bonds, etc. Absorption peaks in the 
range 230–310 nm, which correspond to π → π* and n → π* 
electron transitions, are typical of graphenes and thin-layer 
graphites in an aqueous medium.

When measuring a specific surface area, the texture of 
polydisperse carbon materials can be investigated only by 
using quite a number of experimental methods: BET method 
[41], capillary condensation [41–43], adsorption from solu-
tions [43], recording of charging curves [44], small-angle 
x-ray scattering, electron microscopy, mercury [43], and 
porometry [45] due to the limitations of adsorption methods 
(BET method, t-method, α-method, etc.), which involve, as 
an assumption, a polylayer adsorption model [41,42,46].

Graphene is prepared by physicochemical action on car-
boniferous materials.

The methods for the preparation of graphene may be 
divided into several groups:

 1. Physical splitting of graphite materials [3,20,47–49]
 2. High-temperature synthesis (growth on a substrate 

[50,51], chemical vapor deposition [CVD] by the 
decomposition of hydrocarbons [52–54], thermal 
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FIGURE 13.2 Typical IR spectra of graphite and graphene.
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decomposition of metal carbides [55,56] and SiC 
[57,58], arc heating of graphite electrodes in hydro-
gen [59])

 3. Organic synthesis [60,61]
 4. Physicochemical liquid-phase splitting of carbon 

materials with sol stabilization [62,63]
 5. Electrochemical synthesis [64–66]

The above methods were dealt with in the reviews 
[3,20,36,50,51,60,62,63,67–77]. Each of the methods has mer-
its and demerits.

The experience of world producers indicates that the CVD 
method and physicochemical method for the synthesis of 
carbon nanostructures are most adapted to industrial appli-
cation. The main advantage of physicochemical liquid-phase 
approaches to graphene preparation is their good prospects 
for large-scale manufacture and relatively simple modifica-
tion of properties depending on the future field of application. 
Moreover, the change of graphene into colloidal dispersions 
is required for various process steps: mixing, deposition, 
impregnation, functionalization, etc.

Using the CVD method, a great progress in the preparation 
of large-area graphene has been achieved [78,79]. Graphene 
was grown on a copper foil at 1000°C in a CH4–H2 (3:1) mix-
ture stream at a pressure of 460 mTorr at a rate of 32 cm3/
min. After the end of this procedure, the sample was quickly 
cooled to room temperature (at a rate of 10°C/s) in a hydrogen 
stream at a pressure of 90 mTorr. Then the graphene sheet 
with copper foil was attached to a polymer film by rolling 
between two rolls (force ~2 kg/cm2), and the foil was sub-
jected to electrochemical etching.

Chemical methods for the preparation of graphenes are 
dealt with in several review articles [62,63,72,73,75], and the 
problem of the preparation of highly monodisperse graphenes 
by liquid-phase methods was considered in greater detail by 
Green and Hersam [74].

The preparation of graphene by physicochemical methods 
may be schematically represented as follows (Figure 13.3).

Making use of the experience in the dispersion of CNTs 
[80,81], it was shown that the most efficient organic solvents 
(surfactants) are characterized by a surface energy value that 
is close to that of graphenes [82,83]. It has been found that 
the optimal surface tension (Helmholtz surface energy) of sol-
vent for graphite (graphene) is ~40–50 mJ/m2, which corrobo-
rates the Van der Waals nature of solvent–graphite interaction 
[80,84]. According to Hernandez et al. [84], in order that graph-
ite (graphene) dispersion may be successful, the Hildebrand 
solubility parameter (δT) must be ~23 MPa1/2, and the Hansen 
solubility parameters δD ~ 18 MPa1/2, δP ~ 9.3 MPa1/2, and 
δH ~ 7.7 MPa1/2.

Another approach involves graphite dispersion in water 
with ultrasound with pyrene-1,3,6,8-tetrasulfonic acid tetra-
sodium salt [85]. The method gives a high yield (up to 90%) of 
one-layer graphenes with modified electronic structure.

The chemical properties of graphene are similar to the 
properties of graphite with allowance for quantum and large 
surface-edge effects. Therefore, the large body of factual 

information on the chemical properties of graphite can be 
applied to graphene.

The reactivity of graphene is determined by the presence 
in it of an extended polyaromatic π system and by terminal 
coordinatively unsaturated carbon atoms bonded by oxygen-
containing groups (Figure 13.4). The readily polarizable π 
system is equally active against both electrophilic and nucleo-
philic reagents, and the easy tautomeric diene transition 
2(6π) → 3(4π) for internal rings makes the system susceptible 
to radical reagents as well [86,87].

Reference 88 reviews briefly chemical methods for the 
identification of oxygen-containing surface groups.

The graphene portion that has formed a covalent bond 
increases the reactivity of the neighboring portion. The geo-
metric deformation (strain) sites possess an increased reac-
tivity. The graphene edges, “zigzag” or “chair” (Figure 13.5) 
possess different reactivity because the zigzag structure is 
thermodynamically unstable and more active, but the control 
over the structure of the graphene edges is difficult [62].

The chemical methods for the preparation of graphenes 
involve the stages of preparation of oxidized graphene 
(graphite) and its subsequent reduction. The synthesis, struc-
ture, and chemical properties of oxidized graphene (graphite) 
have been systematized and described in detail in reviews 
[89,90].

The study of graphite oxidation began in the nineteenth 
century. In 1840, Schaufhautl [91] described for the first time 
the graphite bisulfate formation reaction, which is accompa-
nied by a slight electrochemical oxidation and has been inves-
tigated by Brodie [92] in fairly great detail using graphite 
oxidation with potassium chlorate in fuming nitric acid. Then 
the method was improved by Staudenmaier [93], and in 1958, 
Hummers and Offeman [94] proposed graphite oxidation by 
the action of KMnO4 in concentrated sulfuric acid, which 
method was then modified by Kovtyukhova et al. [95].

The substances obtained in this way consist of hydrophilic 
graphene oxide layers (interplanar spacings 6–12 Å) and 
intercalated water molecules [63,89,90,96–99].

Because of the presence of adsorbed water and the nonstoi-
chiometric composition of graphene (graphite) oxide, which 
depends both on the type of starting carboniferous material 
and on the duration of oxidation and reduction processes, the 
structure and empirical formula of graphene (graphite) oxide 
have not been established exactly. Many authors tried to rep-
resent the empirical formula of graphite oxide in different 
ways: Thiele [100] represented it as [C6(OH)3]n, Franklin [101] 
proposed the formula [C8O4H2]n, and De Boer the formula 
[C7H2O4]n [102]. The limiting form of graphene (graphite) 
oxidation is mellitic acid [C6(COOH)6] and the composition of 
reduced graphite oxide is [C7OH]n [103]. Graphene (graphite) 
oxide of the ideal composition [C8O2(OH)2]n is almost color-
less and is a dielectric [103].

In the course of time, the structure of graphene (graphite) 
oxide is refined (Figure 13.6); several models were proposed 
[89,99]: Hofmann [104], Ruess [105], Scholz-Boehm [106], 
Nakajima-Matsuo [107,108], Lerf-Klinowski [97], Szabo 
(Dekany) [99], and Gao [109,110].
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Oxidized graphite forms readily in water-stable colloidal 
solutions with a concentration of up to 14 g/L, which was 
reported as early as the 1960s [111,112] and studied in greater 
detail later in view of the increased interest in this material as 
a precursor of graphene [63,89,113,114].

A density functional calculation-based computational 
model was proposed [115], which gives a good fit to known 
experimental results. It was shown that the 75% coverage of 
graphene sheets with functional oxygen groups is energeti-
cally more advantageous. In the case of 25% coverage, func-
tionalization with oxygen atoms and hydroxyl groups at the 
same time is also energetically more advantageous than that 
with hydroxyl groups only. According to calculations, the 

reduction of graphene sheet coverage from 75% to 6.25% (the 
C:O ratio is 16:1) takes place relatively readily, but further 
reduction is highly impeded. At graphene coverage with func-
tional oxygen groups of over 25%, this material is an insula-
tor, whereas at lower coverages it conducts electricity.

To obtain a conducting structure, oxidized graphene is 
reduced with various reagents, and the so-called reduced 
graphene oxide (RGO) is obtained. Aqueous hydrazine solu-
tions [113,116–123] or anhydrous hydrazine [124,125] are 
most often used as reductants; processes using dimethylhy-
drazine [126], hydroquinone [121,127], sodium tetrahydrobo-
rate [121,128], the NaBH4—concentrated sulfuric acid system 
[110], n- phenylenediamine [129], sodium hydride [130], 
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sodium hypophosphite [131,132], HI [133], sulfur compounds 
[134–136], aluminum [137], and zinc were also proposed [138].

A detailed discussion of the process for the reduction of 
oxidized graphene and formation of RGO can be found in the 
review [89].

According to Li et al. [122], hydrazine does not reduce car-
boxyl groupings on the edges of graphene planes.

As oxidized graphene is reduced its hydrophilicity gradu-
ally decreases, and reduced graphene sheets precipitate. The 
precipitate cannot be dispersed even by the action of ultra-
sound or surfactants [120]. To prevent irreversible aggregation, 
polymers [113,126,139,140], surfactants [123], biomolecules 
[117], or large aromatic donor or acceptor molecules, which 
are able to stabilize graphene through π–π interactions, are 
often added to the reaction medium [116,118,119,124,141]. 
Other approaches to the stabilization of reduced-graphene 
colloids involve the use of reagents that act as reductant and 

stabilizer or solvent at the same time [125,129,130], through 
control of reduction conditions [122,142,143] and chemical 
covalent modification of graphenes. Graphene-like thin layers 
can also be obtained from oxidized graphene if its sheets pre-
cipitated on a substrate are reduced in hydrazine vapor [144] 
or with hydrogen [145].

In the work [124], oxidized graphene was reduced with 
hydrazine in the presence of pyrene-1,3,6,8-tetrasulfonic acid 
(the same compound was used in Reference 85 in the ultra-
sonic dispersion of graphite). The graphene sheets had a large 
area (30 × 50 µm), and the yield of one-layer graphenes was 
over 80%.

The use of such reductants as sodium hydride and n-phen-
ylenediamine is of interest owing to the possibility of the 
simultaneous reduction and stabilization of the graphene col-
loid. n-Phenylenediamine-reduced graphene is electrostati-
cally stabilized by the adsorption of its oxidation products and 
forms stable colloids of positively charged graphene sheets 
in ethyl alcohol [129]. Sodium hydride reduces very quickly 
(<1 min) the colloid of graphene oxide in methanol to form 
methylate ions, which stabilize RGO [130]. Anhydrous hydra-
zine also allowed obtaining RGO colloid, acting as reductant, 

solvent, and stabilizer at the same time thanks to N H2 4
+ ions 

[125]. The size of graphene sheets obtained in this way was 
up to 20 × 40 µm.

The presence of stabilizers in graphene samples is often 
unwanted; therefore, a method for the preparation of colloidal 
RGO dispersions, stabilized by the electrostatic interaction 
of terminal carboxyl groups, was proposed [122]. Graphene 
(graphite) oxide purified of impurities was reduced with 
hydrazine under thoroughly controlled conditions (pH = 10), 
which made it possible to retain negative charge on carboxyl 
groups. In this case, most of the oxygen-containing groups, 
except carboxyl groups, were removed, and a stable RGO col-
loid was obtained. The conductivity of films was 7200 S/m. 
In the work [143], a reaction of surface groups of oxidized 
graphene (carboxyl, hydroxyl, epoxy groups) with KOH was 
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carried out before reduction with hydrazine, as a result of 
which its surface acquires a negative charge and an environ-
ment comprising K+ ions. The conductivity of films of this 
material was 690 S/m.

Organic RGO dispersions without stabilizers and surfac-
tants were obtained in the work [142]. Oxidized graphene 
predispersed in a water—organic substance mixture (water: 
DMF = 1:9) was reduced with hydrazine. According to the 
data of atomic-force microscopy, the thickness of graphenes 
was 0.7–0.8 nm. The conductivity of material dried at room 
temperature was 1690 S/m and after annealing at 150°C 
16,400 S/m. The C:O ratio was 11.

It was reported [146] that the heating (50–90°C) of oxi-
dized graphene in a concentrated alkali results in the removal 
of oxygen-containing groups. The dispersions obtained are 

stable within several days. The reduction mechanism remains 
unclear, though it is assumed that it must be “reverse” to 
graphite oxidation processes in strong acids. The reduction 
reaction rate increases with medium pH.

From the technological standpoint, the electrochemical 
method, which allows one to realize practically any required 
reduction potential, is the most promising method for the 
reduction of graphene (graphite [147,148]) oxide, but there are 
only few papers on this subject so far [65,136,149–156].

Graphene nanoribbons can be a promising material in vari-
ous technological applications. The semiconductor properties 
of this material increase smoothly up to insulator properties 
with decreasing ribbon width [157]. Nanoribbons also have a 
large ratio of their perimeter to area and hence a large number 
of active terminal carbon atoms. Since the “zigzag” structure 
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of graphene surface edge is thermodynamically unstable and 
more active, materials of different chemical activity can be 
obtained by changing the edge structure along the nanoribbon 
into “zigzag” or “chair.”

13.2 NANORIBBONS FROM CNTs

The most simple and obvious method for the fabrication of 
graphene nanoribbons is unrolling of CNTs. The use of this 
precursor makes it possible to obtain nanoribbons of definite 
width along their whole length. This direction is described in 
a number of review papers [158–161].

Currently, the most commonly used methods for the fab-
rication of CNTs are laser ablation, HiPco (high-pressure 
carbon monoxide process), arc-discharge method, and CVD 
method.

The ideal nanotube is a cylinder obtained by rolling up to 
a flat seamless hexagonal net of graphite. The mutual orien-
tation of the hexagonal net of graphite and the longitudinal 
nanotube axis determines the nanotube chirality. To obtain 
a (n, m) nanotube, the graphite plane must be cut along the 

dashed lines and rolled up in the direction of the vector 
(Figure 13.7).

Chirality is a stereochemical property, which means the 
incompatibility of the object with its mirror image. Chirality 
is characterized by two integers (m, n), which indicate the 
location of the net hexagon that must coincide, as a result 
of rolling-up, with the hexagon that is in the origin of coor-
dinates. The chirality of nanotube can also be unambigu-
ously determined by the angle α, which is formed by the 
direction of nanotube rolling-up and the direction in which 
the neighboring hexagons have a common side. There are 
very many variants of nanotube rolling-up, among which 
the variants stand out which do not give rise to the distor-
tion of the hexagonal net structure. The angles α = 0° and 
α = 30° correspond to these directions, which corresponds 
to the chiralities (m,0) and (2n,n). The chirality indices of 
one-layer nanotube determine its diameter D: d = (d0/π)*
(3(n2 + m2 + nm))1/2, where d0 = 0.142 nm is the distance 
between carbon atoms in the hexagonal net of graphite. The 
above expression allows one to determine the chirality of the 
nanotube from its diameter.
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13.3 CLASSIFICATION OF NANOTUBES

As follows from the definition, the main classification of nano-
tubes is performed according to the method of graphite plane 
rolling-up. This method is characterized by two numbers n 
and m, which determine the decomposition of the rolling-up 
direction into graphite lattice translation vectors. This is illus-
trated in Figure 13.7.

According to the value of (n,m) parameters, there are the 
following nanotubes:

• Straight (achiral) nanotubes, “armchair” or “jagged,” 
n = m

• Zigzag nanotubes, m = 0 or n = 0
• Helical (chiral) nanotubes

According to the number of graphene layers:

• One-layer nanotubes
• Multilayer nanotubes (Russian matryoshka)
• Helical nanotubes (rolled up scroll)

It is easy to guess that in the case of specular reflection the 
(n,m), nanotube changes into (m,n) nanotube; therefore, the 
nanotube of general appearance is mirror-asymmetric.

There are “metallic” and “semiconducting” nanotubes. 
Nanotubes with metallic conductivity conduct electricity 
even at the absolute zero, whereas the conductivity of semi-
conductor-type nanotubes is zero at the absolute zero and 

increases with rising temperature. A tube becomes “metal-
lic” if (n − m)/3 = 1,2,3…n; for instance, all “armchair”-type 
tubes are “metallic.”

The scientific literature has reported to date a little more 
than 10 methods for the fabrication of nanoribbons from 
CNTs. The results of these works are briefly presented in 
Table 13.1. Let us consider these methods in greater detail.

13.4 CHEMICAL ACTION

In 1995, Hwang [162] reported opening of the ends of 
CNTs (yield 85%–91%) by heating them in dilute solutions 
of KMnO4 (0.2 mol/L), OsO4, and RuO4 (75 mmol/L) (the 
nanotubes obtained by the arc method and laser ablation 
are generally closed at their ends by carbon constructions, 
which have a pentagonal or heptagonal structure). A mecha-
nism of the oxidation of the C=C bond like the oxidation of 
olefins [163,164] to diol through the formation of a manga-
nese ester was proposed (Figure 13.8). Then the diol was 
oxidized with MnO2 with the formation of keto-groups and 
complete C=C bond rupture. The action of reagents with 
higher redox potential (K2Cr2O7 – H+ and H2O2 – H+) did 
not result in the opening of the ends of nanotubes, which 
indicates the kinetic nature of the oxidation of the C=C bond 
by permanganate.

By acting on multiwalled carbon nanotubes (MWCNTs) 
(d = 40–80 nm, 15–20 layers), dispersed in concentrated sul-
furic acid, with potassium permanganate (KMnO4: C = 5:1 by 

TABLE 13.1
Summary Review of Experimental Methods for GNR Synthesis

Method Process Conditions Yield (%) Width (nm) References

Chemical action on CNTs ~330–373 K, solution, KMnO4/H2SO4 oxidant (modified Hummers 
method)

~100 100–500 [165]
[170]

Intercalation on CNTs 1. ~196 K, solution, Li/NH3 intercalate; anneal ~1300 K
2. ~520 K, vapor K, deintercalate by C2H5OH
3. ~77 K, liquid N2, thermal shock 373 K, annealing to Ar ~1300 K

~60
100
36

100–250
~162

[174]
[176]
[177]

Sonochemical unzipping on CNTs Heated at 773°K in air, ultrasonication in 1,2-dichloroethane (polymer 
additive)

2 10–30 [178]
[179]

Plasma etching of CNTs 1. NTs partially embedded in PMMA, in argon plasma (10 W, 40 mTorr).
2. Si substrate, radiofrequency CF4 plasma
3. Si substrate, repeat step, passivation by SF6 plasma and etching by H2 
plasma

~20
–
–

10–20
6–7

~100

[181]
[182]
[183]

Metal-catalyzed cutting of CNTs 1. Si substrate, Co or Ni nanoparticles, hydrogenation (Ar/H2) at ~1120 K
2. Si substrate, Ni nanoparticles, hydrogenation (Ar/H2) at ~1100–1200 K

~5
–

15–40
20–22

[184]
[185]

Microwave unzipping on CNTs 1. Aqueous media, Pd nanoparticles (10%), microwave treatment at ~473 K
2. Ionic liquid (EMID-BF4), microwave treatment at ~573 K

~4–8
>80

1000–3000
~100

[187]
[188]

Opening-up of CNTs by laser radiation Quartz substrate, laser energy ~200–350 mJ 60 60–160 [189]

Unzipping functionalized
CNTs by STM tips

Substrate, CNTs functionalized by α-aminoacid, high-vacuum – – [190]

Electrical unwrapping of CNTs by TEM Substrate, high-vacuum, ~3000 K ~45 [191]

Electrochemical unrolling of CNTs Solution 0.5 M H2SO4, the duration of anodic (0.7 V)/cathodic (−0.75 V) 
polarization was 6 h (on MSE)

– 60–110 [66]

Hydrogen treatment and annealing of 
CNTs

Substrate with Fe catalyst, 50 bar, ~670–820 K, H2 atmosphere (78 h) – – [193]
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mass) for 1 h at room temperature and 1 h at 55–70°C, Tour 
et al. unrolled them longitudinally to form oxidized graphene 
nanoribbons with a yield of nearly 100% [165]. Up to 4 µm 
long nanoribbons had a width of the order of hundreds of 
nanometers with different thickness of 30 graphene layers. 
Nanotubes unroll by a mechanism that is close to the oxida-
tion of alkenes by potassium permanganate in an acid, where 
the rate-determining step is the formation of a cyclic manga-
nate ester.

The oxidation mechanism proposed earlier by Hwang 
[165] was described; the thermodynamic prerequisites for the 
reaction of potassium permanganate with CNTs are given in 
Reference 166. The reaction with potassium permanganate 
takes place sequentially on the neighboring atoms, unlike the 
reaction with concentrated nitric acid, in which nitronium ion 
attacks on random sites (Figure 13.9).

Oxidized graphene nanoribbons are distinguished by a 
high solubility in water (12 g/L), alcohol, and other polar sol-
vents. After such “opening-up” of MWCNTs, there are oxi-
dized groups on the edges of the formed graphene planes, the 
presence of which adversely affect the conductivity of gra-
phene ribbons.

The reaction with hydrazine hydrate in the presence of 
sodium dodecyl sulfate reduces nanoribbons and improves 
electrical conductivity [165]. Zhang et al. [167] demonstrated 
the use of the described procedure for the creation of gra-
phene field-effect transistors and the possibilities of covalent 
modification of nanoribbons [168,169].

Zhang et al. [170] point out the synergistic effect of oxi-
dative destruction and intercalation on the opening of thin-
walled carbon nanotubes (TWCNTs) using the modified 
Hummers method [171–173].

13.5 INTERCALATION

For the longitudinal “tearing” of CNTs, Cano-Márquez et al. 
[174] propose an approach, which is based on the simultane-
ous intercalation of Li and liquid NH3 in multilayer nanotubes, 
followed by splitting by the action of HCl and heat treatment 
at 1000°C.

They used CVD-grown MWNTs dispersed in dry tetra-
hydrofuran (THF) followed by adding liquid NH3 (99.95%), 
while maintaining the dry ice bath temperature of −77°C. Li 
was added with the ratio of 10:1 (Li:C) and allowed the inter-
calation of MWNT to occur for a few hours.

Before intercalation, “tearing-off” of the ends of nano-
tubes and their opening are performed in a H2SO4–HNO3 
mixture. The process begins on defects, where the incor-
poration of Li(NH3)n complex and detachment of graphene 
sheets take place more readily. The end products are both 
graphene nanoribbons and stacked graphene sheets; the yield 
reaches 60%. Counter-ion dependent, longitudinal unzipping 
of MWCNTs to highly conductive and transparent graphene 
nanoribbons was described in Reference 175.

Kosynkin et al. [176] assumed that the thermal motion of 
the carbon skeleton of MWCNTs in the sidewalls at elevated 
temperature may create fairly large openings for the pen-
etration of alkali metal atoms. Graphene was synthesized in 
a refractory ampoule under vacuum (0.05 Torr) by melting 
potassium over MWCNTs. The process lasted 14 h at 250°C 
and was followed by the deintercalation of potassium with 
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FIGURE 13.9 Schematic representation of the gradual unzipping 
of one wall of a CNT by the action of KMnO4 in H2SO4 to form 
a nanoribbon. (Adapted from Kosynkin, D.V. et  al. 2009. Nature 
458:872–6.)
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ethanol; it gave longitudinally cut MWCNTs with a yield of 
100% (Figure 13.10).

Terrones et al. [177] demonstrated the opening-up of nitro-
gen-doped MWCNTs by the intercalation of liquid nitrogen, 
followed by thermal shock. The synthesis of pristine N-doped 
MWNTs (d ~ 54–74 nm) was performed by CVD. The CVD 
was performed in an argon inert atmosphere carrying an aero-
sol solution, containing 5 wt% ferrocene with 95 wt% benzyl-
amine, with a flow of 2.5 L/min at 825°C. The acid treatment 
was performed by adding 200 mg of nanotubes in 30 mL of 
a solution of H2SO4/HNO3 (3:1) and sonicated for 6 h. The 
resulting solution was filtered and washed with deionized 
water and dried. Subsequently, the nanotubes were kept in a 
receptacle with liquid nitrogen for 5 min. The abrupt unzip-
ping consists of adding boiling water to the recipient with 
nanotubes and liquid nitrogen; here the temperature changed 
from −200°C to 45°C between 5 and 10 s after adding boil-
ing water. Further on, the dispersion was maintained under 
tip sonication at 80°C for 30 min. Thermal treatment of the 
exfoliated nanotubes were subsequently carried out at 1000°C 
in an argon atmosphere for 1 h.

The yield of nanoribbons was 46%, of which the par-
tially opened nanotubes made up 10% and the nanotubes 
with atomically perfect even edges 36%; the mean width was 
162 nm. The nanoribbons obtained were slightly oxidized and 
consisted of one or two layers; the surface area was 45.7 m2/g 
(BET) and that of starting nanotubes 32.9 m2/g (BET). The 
method is economical and simple.

The multiwalled nanotube unzipping mechanism is ratio-
nalized using molecular dynamics and density functional 
theory simulations.

13.6 SONOCHEMICAL UNZIPPING

Jiao et al. [178] propose in their method two-stage unrolling of 
multilayer nanotubes: nanotubes are first heated at 500°C in 
air, which results in the oxidation of wall defects and the ends 
of nanotubes, and then ultrasonic dispersion in 1,2-dichlo-
roethane in the presence of poly (m-phenylenevinylene-co-
2,5-dioctyloxy-n-phenylenevinylene) is carried out, during 
which calcined nanotubes unroll, starting from defect sites, to 
form nanoribbons (yield 2%). The one-, two-, and three-layer 

nanoribbons had a width of 10–30 nm. Based on graphene 
nanoribbons, a field-effect transistor was created. According 
to Xie [179], this method allows one to obtain a great num-
ber of graphene nanoribbons with straight edges at an edge 
roughness of under 1 nm.

Wang et al. [180] demonstrated the reverse transformation 
of oxidized graphene sheets into soluble nanotubes by the 
action of ultrasound on graphene oxide in 70% nitric acid.

13.7 PLASMA ETCHING

Jiao et  al. [181] proposed to deposit a suspension of pure 
MWCNTs (diameter ~ 4–18 nm) on an Si substrate pretreated 
in 3-aminopropyltriethoxysilane. Then a solution of poly-
methylmethacrylate (PMMA, 5% in anisole) is deposited on 
the substrate with MWCNTs by spin coating (3000 rpm) for 
1 min, followed by drying at 170°C for 2 h. Then the film 
of PMMA/MWCNTs is stripped off the substrate in a 1 M 
KOH solution at 80°C. After that, etching in argon plasma is 
carried out (10 W, 40 mTorr); in this case, a part of polymer-
“unprotected” carbon atoms goes away, and nanoribbons (10–
20 nm in width) are obtained. The PMMA matrix is removed 
in acetone vapor (Figure 13.11). Jiao et  al. [181] assert that 
by varying the thickness of the polymeric coating and argon 
action time, one can obtain ribbons (including multilayer 
ones) of definite width with very even edges (yield up to 40%).
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lasm

a

FIGURE 13.11 A process flow chart of graphene nanoribbon fab-
rication from a CNT by the plasma etching process. (Adapted from 
Jiao, L. et al. 2009. Nature 458:877–80.)
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FIGURE 13.10 A chemical schematic of the splitting processes by ethanol the aryl potassium edges. (Adapted from Kosynkin, D.V. et al. 
2011. ACS Nano 5(2):968–74.)
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Valentini [182] also demonstrated the opening of nanotubes 
by the action of CF4 plasma. Single-walled carbon nanotubes 
(SWCNTs) were dispersed with ultrasound for 1 h in acetoni-
trile (10 g/L). The dispersion was deposited on a silicon sub-
strate and dried for 2 h at 70°C. Surface treatment of SWCNTs 
were obtained by the plasma-assisted  decomposition of CF4 
employing a customized 13.56 MHz radiofrequency plasma 
source. The plasma treatment was carried out at room tem-
perature. The CF4 flow rate was kept constant at 20 cm3/min 
(10−2 Torr). The treatment was performed with a RF input 
power of 4 W for 8 min and 15 W for 1 min. In this way fluo-
rinated monolayer graphene nanostripes (11 at % F) 6–7 nm 
wide were obtained.

Mohammadi et al. [183] showed the opening of MWCNTs 
using two-stage plasma treatment: passivation with SF6 and 
etching with H2. MWCNTs (d = 30–60 nm) grown on a sili-
con substrate by the CVD method were brought into a hori-
zontal position. Then passivation with O2/H2/SF6 gases was 
carried out (flow rate 230/13/620 cm3/min) during 30 s at a 
plasma stream power of 100 W. Subsequent etching was con-
ducted with 100 W hydrogen plasma (100 cm3/min) for 1 min. 
The above steps were repeated many times for the complete 
opening of MWCNTs. Graphene nanoribbons about 100 nm 
in width and 3–7 nm in height were obtained.

13.8  CATALYTIC OPENING OF CNTs 
WITH METAL NANOPARTICLES

Elías et al. [184] demonstrated the opening of CNTs by cata-
lytic hydrogenation with transition metal (Co and Ni) nanopar-
ticles (Figure 13.12). To form Co nanoparticles, MWCNTs 
were dispersed for 1 min with ultrasound in a 3 wt% metha-
nol solution of CoCl2. Then the dispersion was deposited on 
an Si substrate, dried at room temperature, and annealed at 
500°C for 1 h. Ni nanoparticles were deposited by pulsed dc 
magnetron sputtering during 5 s in Ar plasma (10−7 Torr) onto 
vertically oriented MWCNTs on an Si  substrate. The catalytic 
hydrogenation of carbon was  performed at 850°C for 30 min. 
The carrier gas consisted of a mixture of Ar/H2 (90:10 by 

volume). The nanoribbons had a width of 15–40 nm and a 
length of 100–500 nm; the yield of  completely opened nano-
tubes was 5%. Ni nanoparticles exhibited a better efficiency in 
the opening of nanotubes.

Parashar et  al. [185] opened up MWCNTs (d ~ 50 nm, 
several microns in length) by catalytic hydrogenation with Ni 
nanoparticles. Nanotubes were dispersed with ultrasound for 
90 min (0.8 g/L) in a methanol solution of NiCl2 (2 mol/L). 
The dispersion was deposited on a silicon substrate and dried 
at room temperature. Then hour-long annealing at 500°C was 
carried out (heating rate 10°C/min) under Ar/H2 (95:5 by vol-
ume) at a gas flow rate of 1.3 L/min. Then heating and 20 min 
long annealing were carried out with the same parameters. 
One- and two-layer graphene nanoribbons 20–22 nm in width 
and 0.7–1 µm in length were obtained. It was pointed out that 
at 800°C, the nanotube opening process begins, and that the 
length of the longitudinal cut of tube is a parabolic function of 
Ni nanoparticle size.

Wang et  al. [186] have performed a computational mod-
eling of the process of opening of SWCNTs with transition 
metals by hydrogenation in a hydrogen atmosphere at low 
temperatures (200–300°C). Based on the energy barrier of 
C–C bond breaking by transition metal, a series of metals 
in decreasing order of the effectiveness of opening of CNTs: 
Ni > Co > Fe > Pt > Pd > Mn can be constructed.

13.9  MICROWAVE OPENING-UP 
OF NANOTUBES

In the research study by Janowska et al. [187], one-, two, and 
multilayer nanotubes were covered with palladium nanopar-
ticles (10% Pd) and subjected to microwave treatment in an 
aqueous medium (radiation power 300 W at 200°C) for 1–2 h. 
The graphene suspension was separated from the catalyst and 
unreacted nanotubes by decantation or toluene extraction. 
The products consisted of graphene layers of 3–20 sheets 
1–3 µm wide. These dimensions are probably the result of 
self-joining of small sheets and nanoribbons with minimiza-
tion of system surface energy. The yield of graphene nanorib-
bons was 4–8 wt%. The absence of catalyst (Pd) particles 
from graphene sheets was confirmed by TEM; this suggests 
that palladium nanoparticles attach themselves on the defect 
sites of not unrolled nanotubes. The dried graphene material 
was redispersed in the water/toluene system and reduced with 
NaBH4 at 80°C.

The importance of an oxygen-containing liquid medium 
was pointed out. The method has promise in the preparation 
of doped graphenes from doped nanotubes and shows the pos-
sibility of preparing nanotube–graphene composites.

Vadahanambi et  al. [188] demonstrated the fabrication of 
nanoribbons by the action of microwave radiation on MWCNTs 
in an ionic liquid containing fluorine ions. High-purity 
MWCNTs (99%, diameter 10–15 nm, mean length 200 µm, 
CVD method) were homogenized with ultrasound for 30 min 
in 1-ethyl-3-methyl imidazole tetrafluoroborate (0.17 wt%) 
and put in a microwave reactor (radiation power 700 W, time 
4 min). The reacting mixture was heated with microwaves to 
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FIGURE 13.12 SEM micrograph and schematic diagram of 
 cutting MWNTs along their axes by metal nanoparticles. (Adapted 
from Elías, A.L. et al. 2009. Nano Lett. 10(2):366–72.)
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300°C. The cooled mixture was dispersed with ultrasound for 
30 min in acetonitrile. Then it was filtered on an anodically 
oxidized aluminum membrane, washed with methyl alcohol 
and dried. In this way, fluorine-containing nanoribbons with a 
mean width of 100 nm were obtained with a yield of over 80%.

13.10  OPENING-UP OF NANOTUBES 
BY LASER RADIATION

Rao et  al. [189] demonstrated the splitting of MWCNTs, 
deposited on quartz glass, by the action of an excimer laser 
(Lambda Physik KrF excimer laser, 248 nm, 30 ns). The total 
irradiation rate was varied with the number of pulses and was 
200–350 mJ. This action provided 60% yield of graphene 
nanoribbons 60–160 nm wide.

13.11  OPENING-UP OF NANOTUBES WITH 
A SCANNING TUNNEL MICROSCOPE

Pavia et  al. [190] opened up CNTs, modified with α-amino 
acid in paraformaldehyde, by the action of the probe of a high-
vacuum scanning tunnel microscope. A model of the process 
based on the perturbation of π-conjugated bonds of hydrogen 
atoms along the nanotube was proposed.

13.12  ELECTRICALLY UNWRAPPING 
NANOTUBES

Kim et al. [191] proposed to unroll CNTs to graphene by pass-
ing an electric current through them. MWCNTs (d ≈ 30 nm) 
are previously deposited on aluminum. The movable tung-
sten probe of a tunnel electron microscope, which contacts 
MWCNTs, is used in research. The unrolling of the outer 
walls is induced by means of an applied electric current 
through the contact of the electrode with the nanotube. The 
unrolling rate was 1–10 nm/s. Nanoribbons ≈45 nm wide and 
about 300 nm long were obtained.

13.13  ELECTROCHEMICAL UNROLLING 
OF NANOTUBES

Pillai et al. [66,192] showed the possibility of electrochemical 
unrolling of MWCNTs (d ≈ 40–60 nm) by sequential anodic 
(0.7 V) and cathodic (−0.75 V) polarization with respect to 
a mercury-sulfate reference electrode. Electrodes prepared 
from MWCNTs in 0.5 M H2SO4 were used. The duration of 
anodic/cathodic polarization was 6 h. Graphene nanoribbons 
60–110 nm wide and several microns long were obtained with 
good yield.

13.14  UNROLLING OF NANOTUBES BY HIGH-
TEMPERATURE HYDROGENATION

One more method for the unrolling of CNTs to graphene 
nanoribbons was proposed by Talyzin et al. [193]. Nanotubes 

are unrolled by the long-duration (78 h) hydrogenation of 
CNTs in a hydrogen atmosphere at 50 bar in a temperature 
range of 400–550°C. SWCNs were synthesized by aerosol 
CVD method based on CO decomposition on iron particles 
produced by pyrolysis of ferrocene vapor. Catalyst nanopar-
ticles attach themselves mostly at the end of the nanotube and 
probably act as starting points for the unrolling of nanotubes. 
It should be noted that the graphene nanoribbons obtained are 
not observed in the whole volume of CNTs used.

13.15  CHEMICAL SYNTHESIS OF RGO 
OBTAINED FROM MWCNTS (PRACTICE)

On the basis of the standard redox potentials of carbon [194] 
(Table 13.2) oxidants with potentials more electropositive than 
+0.528 V should be used for its oxidation in acidic media. We 
can assume that in an alkaline medium it is necessary for the 
oxidation carbon to use potentials more electropositive than 
−0.603 V.

The most famous oxidants in different medium 
(pH < 7/pH > 7) are KMnO4 (+1.69 V/+0.588 V); 
ozone (+2.075 V/+1.247 V); Cr O2 7

2−  (+1.36 V/—); OsO4 
(+1.02 V/+0.17 V); FeO4

2−  (+2.07 V/+0.8 V); and a number 
of others [194].

However, if the process of breaking carbon bonds in nano-
tubes determined by the kinetic limitations, then the use of 
the thermodynamic redox scale of potentials for this process 
is not applicable.

In accordance with standard redox potentials reducing 
agents should be used with potentials lower than −1.148 V 
for the maximum reduction of graphene oxide in an alka-
line medium. In an acidic medium reducing agents with 
potentials less than −0.320 V for reduction of graphene 
oxide should be used. The value of this potential fully corre-
sponds to the standard potential of the reductants reported in 
Reference 195. Such reductants can also be hydrogen, zinc, 
magnesium, etc.

A typical reductant for graphene oxide is hydra-
zine [165,195–197], whose standard redox potential of 

TABLE 13.2
Standard Electrode Potentials of Carbon in Water 
at 298°K

Acid Solutions 
(pH = 0) E0 (V) E0 (V)

Basic Solutions 
(pH = 14)

C(s), H+/CH3OH −0.320 −1.148 C(s)/CH3OH, OH−

C(s), H+/CH4 0.089 −0.6965 C(s)/CH4(g), OH−

H2CO3, H+/C(s) 0.27 −0.766 CO /C OH(s)3
2− −,

HCHO2, H+/C(s) 0.528 −0.603 CHO /C OH(s)2
− −,

CO(g), H+/C(s) 0.5184

CO2, H+/C(s) 0.229

CO2(g), H+/C(s) 0.2073

Source: Bratsch, S.G. 1989. J Phys Chem 18:1–21.
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electrochemical reaction in alkaline solution E = −1.16 V 
[194]. We have also shown in Reference 131 that to obtain 
RGO, sodium hypophosphite (E = −1.51 V) [194] and sodium 
sulfite (E = −0.936 V) [194] can be used. These reductants are 
 nontoxic, which is their advantage.

To synthesize oxidized graphene, a modified Hammers 
method [94,165] using MWCNTs of a bulk density of 
25–30 g/dm3, purified of catalyst impurities by treatment 
with a hydrofluoric acid solution, was employed. The average 

diameter of nanotubes was 10–30 nm, the specific surface 
area was 230 m2/g (determined by the BET method).

One gram of MCNTs was dispersed for 1 h by stirring in 
300 mL of concentrated sulfuric acid. Then 5 g of KMnO4 
was added under stirring for 1 h at a temperature of not over 
17°C. After that, the mixture was heated on a water bath to 
55°C during 30 min and held for 1 h. Then the temperature 
of the solution was brought to 65°C, and it was left to cool 
to room temperature. To prevent the formation of manganese 
dioxide, the resulting mixture was diluted in 400 mL of bidis-
tilled water with ice, which contained 5 mL of 30% H2O2. 
Then the diluted mixture was filtered on a fine paper filter. 
The filtered off precipitate was dispersed in bidistilled water.

Two samples were selected for reduction. One sample 
of oxidized product was reduced with 0.14 mol of an alka-
line solution of sodium hypophosphite (pH = 11) and the 
other with 0.14 mol of an alkaline solution of sodium sulfite 
(pH = 11). The reduced substance was filtered off on a fine 
paper filter, after which it was separated from the filter and 
dried in a desiccator at 140°C for 3 h. The solid filtrate has 
been investigated by electron microscopy and an x-ray phase 
analysis. The liquid filtrate has been investigated by spectral 
photometry. Figure 13.13 shows x-ray diagrams of reduction 
products. In the XRD pattern of RGO (which is exfoliated 
into individual platelets and then agglomerated into a powder 
form), the major peak is observed at about 23°–24° [3].

This gives an interlayer spacing of approximately 3.7–3.8 Å 
[3,198,199]. Figure 13.14 show micrographs of RGO, which 
was obtained using different reductants.

Figure 13.15 shows an absorption spectrum of an alkaline 
dispersion (pH = 1) of RGO in the range 200–800 nm. As can 
be seen, the absorption peak of RGO dispersion is in the range 
of 231–270 nm [122,200–206].

One main peak at ~250 nm comes from the π–π* transition 
of C–C and C=C bonds in sp2 hybrid regions and a  shoulder 
peak at ~300 nm is due to n–π* transition of the C∙O bond in 
sp3 hybrid regions [205,207,208].

Figure 13.16 shows fluorescence emission spectra of a 
RGO dispersion in an alkaline medium (pH = 11) with the 
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FIGURE 13.13 X-ray diagram of samples of graphene oxide 
reduced: (a) with sodium hypophosphite and (b) with sodium sulfite.

(a)

0.2 μm

(b)

10 nm

FIGURE 13.14 Micrograph of a sample of graphene oxide reduced with (a) sodium hypophosphite and (b) sodium sulfite.
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excitation wavelength λ = 285–400 nm. The fluorescence 
peaks lie in the short-wavelength region (λ = 430–450 nm), 
which corresponds to the aqueous dispersion of RGO 
[203–205,209].

Thus, when studying absorption spectra and photolu-
minescence spectra of RGO dispersion, analyzing electron 
micrographs, and comparing peaks in x-ray diagrams with 
literature data, it may be concluded that RGO nanosheets can 
be fabricated by the above procedure.

13.16  ELECTROCATALYTIC PROPERTIES 
OF RGO (EXPERIMENTS)

The RGO has been investigated as an electrode material of 
the oxygen electrode of a fuel cell.

Oxygen electrodes, where RGO was used as an active 
layer, have been made by pressing. The electrodes obtained 
were investigated on an oxygen fuel cell mockup with alkaline 

electrolyte [210]. Electrodes with an active layer of starting 
MCNTs have been made for comparison.

On the oxygen electrodes made, current–potential curves 
were measured. Figure 13.17 shows plots of potential against 
current density for oxygen electrodes based on graphene oxide 
by reduction sodium hypophosphite (H-RGO) and sodium 
sulfite (S-RGO).

In this figure, characteristics of electrodes with starting 
MCNTs are presented for comparison (curve 3). The H-RGO-
based electrodes give the best results. These results can be 
explained by the fact that the redox potential of sodium sul-
fite (E = −0.936 V) are more electropositive than sodium 
 hypophosphite (E = −1.51 V). It has been found that the 
characteristics of H-RGO electrode in oxygen reduction reac-
tions are 3–4 times higher than those of electrode of starting 
MCNTs. RGO-based electrodes are also superior to MCNTs–
MnO2 nanocomposites in characteristics, which follows from 
 comparison with the data presented in Reference 211. The 
characteristics of RGO-based oxygen electrodes were stable 
in the course of six-month tests.

There is no unified theory which makes it possible to 
describe electrocatalytic processes. Therefore, based on 
approaches described in the literature [212–220], the fol-
lowing can be suggested: the basis of all electrocatalytic 
processes is formed by the compromise potential of electro-
chemical reactions proceeding on an electrode, which con-
sists of a catalyst and a support. The value of this compromise 
potential depends on the potentials and exchange currents of 
electrochemical reactions proceeding simultaneously on this 
electrode. If it is assumed that the reactant adsorption and 
electron attachment are localized and take place either at the 
catalyst or at the support, then by selecting an appropriate 
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catalyst-support pair, one can affect the electrocatalytic prop-
erties of such an electrode. Let us consider the possibility of 
this effect on the catalytic properties of electrodes for oxygen 
reduction reaction proceeding in fuel cell oxygen electrodes. 
To test this hypothesis as a model material MWCNTs were 
selected since they as graphene have a relatively small adsorp-
tion energy of molecular oxygen.

Metals and oxides were used as catalysts for investiga-
tions. Platinum, nickel, and lead were chosen from metals 
[221,222]. Manganese [211], molybdenum [223], chromium 
[224], cobalt, and niobium oxides were used as metal oxides. 
The catalysts were deposited by electrochemical and chemi-
cal methods developed by us [211,221–224]. The average size 
of catalysts particles are 10–15 nm.

Figure 13.18 shows the plots of potential against current 
density for oxygen electrodes with active mass based on com-
posites of CNTs with different catalysts deposited on them.

The polarization curves of oxygen evolution were recorded 
using smooth nickel plates whose surface was modified by 
catalysts under conditions identical to those employed in the 
case of CNTs. The coefficient a in the Tafel equation for the 
molecular oxygen evolution reaction on these catalysts was 
calculated for low current densities and small polarization. 
Figure 13.19 shows the dependence of current density on the 
coefficient a, according to experimental data.

Figures 13.18 and 13.19 are indicative of a correlation 
between the value of the coefficient a and the electrochemi-
cal characteristics examined: The larger the coefficient a, the 
higher the electrochemical characteristics.

The experimental data obtained by us can be interpreted 
as follows. As the electrocatalytic oxygen reduction reac-
tion proceeds at the electrode, the reactant supply stage, 
the electrochemical electron transfer event, and the reactant 
withdrawal occur. Under presumed different localizations of 
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the electrochemical process stages on the surface of the het-
erogeneous catalyst-support system, the catalytic activity of 
this composition can be modified by selecting the appropriate 
catalyst-support pair with different energy barriers.

The above-described results provide an explanation for 
why certain materials are catalysts for the reaction chosen 
and enable preliminary evaluation of their electrocatalytic 
properties. For example, when oxygen reduction proceeds in 
an alkaline electrolyte and the catalyst support is represented 
by a carbon material such as graphene with fairly low oxy-
gen evolution overpotential, the catalyst to be chosen for this 
medium should be characterized by high oxygen evolution 
overpotential. On this basis, goal-directed synthesis or selec-
tion of catalytic materials for electrochemical power sources 
and for other electrochemical systems and reactions can be 
performed.

Currently, graphene [36] is used in photoelectrochemical 
energy converters [225], supercapacitors [226], lithium ion 
batteries, and current sources [227] as a catalyst support for 
fuel cell electrodes [228].

13.17 CONCLUSIONS

An overview of methods for the synthesis of RGO from 
MWCNTs has been provided. Methods of the study of gra-
phene, its properties and then the application of graphene as 
an electrode material for oxygen electrodes chemical current 
sources are given.

Methods of producing nanoribbons of graphene oxide from 
CNTs are given. Recommendations on the selection of oxidiz-
ing and reducing agents on the basis of the electrochemical 
approach are provided. It was found that the current–voltage 
characteristics in the oxygen reduction reaction for the elec-
trode of the RGO is 3–4 times higher than the characteristics 
of the electrode from the initial MWCNTs.

The method for selecting catalysts that can be deposited 
onto graphene for obtaining efficient nanocomposite materi-
als for oxygen electrodes of power sources are given.
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14 Graphene Grown with Plasma-
Enhanced Process and Its Applications 
in Lithium-Ion Batteries

Qi-Hui Wu, Chundong Wang, Jian-Guo Ren, Bo Qu, 
Miao-Ling Huang, Guo Hong, and Wenjun Zhang

ABSTRACT

Recently, plasma-enhanced chemical vapor deposition 
(PECVD) was widely employed to synthesize single- or 
few-layer large-scale graphene sheets on diverse substrates 
using either a gaseous or solid carbon source. The utilization 
of reactive plasmas accelerates the growth of graphene and 
enables it to grow at reduced temperatures as compared to 
conventional thermal chemical vapor deposition processes. In 
addition, the existence of reactive plasmas enhances the het-
eroatomic doping into graphene sheets. This chapter reviews 
the preparations, characterizations, and applications of the 
graphene films grown using PECVD. Since this technique 
is still in its infant stage, there is still a general absence of 
understanding of the growth process, the function of plasma 
itself, and the reorganization of pivotal species responsible for 
graphene growth. We aim at the growth mechanism and at 
understanding the influence of the experimental parameters 
on the quality of graphene films as well as their applications 
in lithium-ion batteries. Moreover, facile approaches (ex situ 
and in situ) to incorporate heteroatoms into graphene by 
plasma treatment have also been introduced.

14.1 INTRODUCTION

Graphene is a single layer of carbon atoms packed in a 
two-dimensional (2D) hexagonal lattice structure with a 

carbon–carbon distance of 0.142 nm. It is the first found 2D 
crystalline material stable at room conditions. Each carbon 
forms three σ bonds with the three nearest carbon atoms, and 
a big π bond is formed with the fourth lone pair electrons 
of carbon atoms, which is oriented in the z-direction of the 
graphene plane. Since its isolation and formal discovery in 
2004,1 graphene is currently the most investigated material, 
not only because of academic curiosity but also because of its 
potential applications, including transistors, sensors, and as 
well as composite materials.2–5 The applications of graphene 
in various fields are summarized in Figure 14.1, including 
chemistry, physics, bioscience, nanotechnology, and materi-
als science. The main challenges associated with the fabri-
cation of graphene-based devices are to prepare high-quality 
graphene sheets. The atomic and electronic structures of sin-
gle-layer, bilayer, and trilayer graphene are shown in Figure 
14.2,6 which indicates that graphene films that contain dif-
ferent layers exhibit quite different electronic properties. The 
optimized graphene sheets should be smooth and uniform 
with few defects and minimal roughness lying on top of the 
desired substrates.

14.1.1 Graphene Growth methodS and teChniqueS

The common methods in obtaining graphene films include 
chemical or micromechanical exfoliation of graphite7,8; 
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epitaxial growth from silicon carbide (SiC) substrate9–11; 
chemical vapor deposition (CVD)12–18; and thermal, photo-
catalytic, chemical, or electrochemical reduction of graphene 
oxide and fluorographene.19–22 The different methods of mass 
production of graphene and their qualities and prices are 
displayed in Figure 14.3.23 To date, there is no method that 
can match mechanical exfoliation in producing high-quality, 
high- mobility graphene flakes from highly oriented pyrolytic 

graphite (HOPG), developed by Geim and Novoselov, who 
were able to generate few- and single-layer graphene flakes 
with dimensions of up to 10 µm.24,25 However, mechanical 
exfoliation is a time-consuming process and limited to small-
scale production. Additionally, the method is not readily 
applicable for mass fabrication and absolute control over the 
graphene layer number, and so methods that enable the growth 
of large-scale sheets of graphene are in demand. Thermal 
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decomposition of SiC is an alternative technique that consists 
of heating SiC in an ultrahigh vacuum (UHV) chamber up to 
a high temperature between 1000°C and 1500°C. This causes 
Si to sublimate from the material and consequently leads to 
the formation of graphene films on top of the SiC surface,26 
which is typically 1–3 layers depending on the decomposition 
temperature. Using this method, devices were produced with 
mobilities of 1100 cm2 V−1 s−1.27 This technique is capable 
of generating wafer-scale graphene layers and is potentially 
of interest to the semiconductor industry. However, several 
issues still remain, notably for example, controlling the num-
ber of layers produced, repeatability of large-area growths, 
and interface effects with the SiC substrate.28,29 In contrast 
to the exfoliated graphene, the SiC substrate must be con-
sidered as an integral part of the whole system of epitaxial 
graphene because of the strong sticky strength between the 
grown graphene and the underlying SiC substrate as well as 
the extreme chemical stability of SiC.12,30–32 In contrast to the 
thermal decomposition of SiC, where carbon is already pres-
ent in the substrate, in the CVD processes, carbon is usually 
supplied in gaseous precursors and a metal is used as both 
catalyst and substrate to grow graphene layers. Meanwhile, 
CVD processes that can transfer graphene to new substrates 
can be used to further new technologies such as flexible elec-
tronics, where the substrate is plastic and cannot be placed in 
high-temperature furnaces.

Conventional CVD processes are usually performed in a 
high-temperature furnace at a low pressure.33–37 During syn-
thesis, gaseous precursors are induced through the heated fur-
nace over a substrate, whose surface can catalyze the target 
chemical reactions. There are many forms of CVD, including 
hot wire CVD, thermal CVD, PECVD, radiofrequency (RF) 
CVD, and ultrasonic spray pyrolysis (USP). A primary issue 
with CVD is the thermal expansion causing ripples between 

synthesized films and substrates at high temperatures.38,39 The 
difference in the thermal expansion coefficient between sub-
strate and graphene films would cause the substrate to con-
tract more than the graphene, leading to rippling. This issue 
may be alleviated with low-temperature processes such as 
PECVD, where the expansions and compressions of the mate-
rials are smaller during growth.

Besides the above common methods used in producing 
graphene, there are also some other techniques. Graphene 
has been prepared following a high-pressure and high-tem-
perature growth process using natural graphitic carbon as 
the starting material.40 The ion implantation method has also 
been applied for the preparation of large-scale and high-qual-
ity graphene films with controllable thickness by varying the 
amount of ion implantation.41,42 This method can be extended 
to a variety of metallic substrates and can be performed at 
various temperatures, since it does not need a decomposi-
tion of carbon hydrogen precursors and a solution of carbon 
atom into the substrate. Other methods such as intercalation 
(injecting atoms between graphite layers to peel them apart),43 
ultrasonic heating,44 acid treatment,45 and arc discharge tech-
nique46,47 have been reported to produce monolayer graphene 
nanoribbons.

14.1.2 peCvd Setup

Plasma is the fourth fundamental state of matter, composed 
of charged particles (positive ions and negative electrons or 
ions). It is one of the most common phases of ordinary mat-
ter in the universe. Plasma can be produced by heating a gas, 
which ionizes the molecules or atoms. Meanwhile, plasma 
can also be ionized by a strong electromagnetic field associ-
ated with a laser or microwave generator. A huge number of 
charge carriers cause the plasma to be electrically conductive, 
resulting in its strong sensitivity to electromagnetic fields.

Recently, plasma has been widely applied in industry and 
scientific research, such as low-pressure measurement, vac-
uum production, and many vacuum technological processes. 
Furthermore, plasma is introduced to other more complex 
systems than the gas phase. To some extent, plasma behaves 
like a gas and obeys gas laws. When injecting it with a high 
level of energy, that is, thermal energy, electric energy, or 
electromagnetic radiation into a gas system, plasma can be 
produced in gases. In most cases, plasma is induced by electri-
cal discharges, which have been commonly used to generate 
plasma in laboratories. The two main properties of plasma are 
plasma density and electron temperature. Plasma can be clas-
sified as cold plasma and thermal plasma. For cold plasma, 
the degree of ionization is typically at an order between 10−3 
and 10−4, most of which are neutral and excited species. It 
can be introduced by a direct current (DC) glow discharge, 
or a high-frequency or microwave discharge at low pressures. 
Thermal plasma is defined as an ionized gas system with high 
temperatures. In order to reduce the heat loss of the discharge 
surface, plasma is generally confined to the center of the 
arc area. In plasma, electrons are accelerated in the electric 
field, resulting in collisions with gas molecules. A substantial 
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proportion of their kinetic energies is transferred to neutral 
molecules to excite and ionize them during the inelastic colli-
sions. Electrons are scattered and moved randomly because of 
the large number of collisions of electrons and molecules. The 
molecules with a random movement, electrons, and ions can 
be described by the Maxwell–Boltzmann (M–B) distribution 
under thermal equilibrium.

In this chapter, we focus on the application of PECVD in 
the synthesis of graphene sheets. The central idea of the utility 
of PECVD in preparing graphene at low temperatures makes 
it possible to directly grow graphene on the surface of its final 
substrate.48–51 Such an approach can avoid the film transfer 
process that would bring crystal defects and surface contami-
nations in/on the graphene films.52

Besides the plasma source, matching components, and other 
power coupling elements, the equipment of PECVD is com-
monly composed of mass flow controllers and vacuum pumps 
as indicated in Figure 14.4.53 The growth chamber should be 
grounded and plasma reactors should be constructed with 
cold-wall systems. The substrate is directly heated using some 
form of heat source underneath the substrate holder. During 
synthesis, the substrate is first loaded into the reactor chamber 
and the system is consequently pumped down to high vacuum 
to remove the impurities and water vapor from the growth 
chamber. After reaching the desired vacuum, the substrate 
holder is then annealed to the set temperature. After that, the 
feedstock is granted, and the gases flow rates and chamber 
pressure are set to desired levels independent of each other 
controlled by the throttle valves. Next, the power induced 
from the power source is coupled to generate the plasma. At 
the end of the growth process, the heater, power source, and 
the gas flows are switched off and the system is purged with 
argon flow to cool the reactor. The substrate is finally removed 
when the reactor cools down to room temperature.

The growth kinetics of graphene using PECVD, which 
was considerably affected by plasma, is significantly dif-
ferent from that of thermal CVD.54,55 Few-layer graphene 
was rapidly synthesized on Cu within a few seconds with 
plasma, whereas graphene was not formed at all without 
plasma. With increasing growth time and plasma power, the 
graphene thickness was controllably decreased because of 
the etching by atomic H. Two reaction routes occur in the 
plasma chamber: etching and hydrogenation. Low-kinetic-
energy hydrogen species in the high-frequency plasma allow 
hydrogenation, while the high kinetic energies in the low-
frequency plasma primarily etch the growing film. However, 
the first layer of graphene was maintained because of the 
rapid carbon adsorption and the catalytic reaction on the 
metal surface. The graphene structural quality is enhanced 
by the preferential etching of the structurally disordered car-
bon structures, followed by the newly synthesized graphene 
layer. Hydrogenated graphene prepared using PECVD shows 
semiconducting behaviors with the presence of energy band-
gap.56 The sheet resistance was observed to increase with a 
two order of magnitude.

14.2 GROWTH OF GRAPHENE USING PECVD

14.2.1 Growth with metalliC CatalySt

14.2.1.1 On the Cu Substrate
Microwave plasmas have been widely employed to synthesize 
single- or multilayer graphene sheets on Cu foils using gas-
eous or solid carbon sources.57 Owing to the high growth rate, 
graphene films together with graphitic carbon films grown 
on their surface were usually prepared on the Cu substrate, 
because after being covered by the first-layer graphene, the 
catalytic effect of Cu on further carbon growth is limited.58 
Currently, most studies focus on the low-temperature syn-
thesis of graphene. Owing to its complexity, a fundamental 
aspect of PECVD, that is, the effect of plasma on graphene 
synthesis resulting in a different synthesis behavior from 
those of thermal CVD processes, has not been addressed in 
detail.59 Terasawa et al. investigated the growth of graphene 
by varying the plasma power, gas pressures, and the substrate 
temperature.60 The catalytic property of Cu influences the 
growth of single-layer graphene at high substrate tempera-
tures; however, when grown at a low temperature, multilayer 
graphenes are dominated mostly by radicals generated in the 
plasma.60,61

Figure 14.5 schematically describes the growth mechanism 
for single-layer, bilayer, and multilayer graphene at low and 
high substrate temperature (TS) on the Cu substrate.60 Recently, 
it was reported that the decomposition of hydrocarbon species 
is greatly promoted by H2 plasmas.62 The activated carbon 
fragment such as the C2 radical is produced in plasma and the 
graphene growth starts at even 500°C. As depicted in Figure 
14.5a, C2 radicals are generated in the plasma and then attach 
on the Cu surface and subsequently form graphene films, but 
are terminated by CH radicals. At elevated temperatures, the 
catalytic property of the Cu substrate works simultaneously 
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FIGURE 14.4 Schematic diagram of a common PECVD setup. 
(Zhang, W.J. et al.: The mechanism of chemical vapor deposition of 
cubic boron nitride films from fluorine-containing species. Angew. 
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and the intensity of CH radicals decreases, which results in 
an increase of the grain size of the first graphene film as indi-
cated in Figure 14.5b. At higher temperatures, the grain size 
of the polycrystalline Cu surface becomes larger than the 
case at 500°C. It may also be considered that larger grain size 
of the Cu substrate causes the enlargement of the graphene 
growing on it. It has also been reported that it is difficult to 
grow graphene on the flat single crystalline Cu surface.63 
Considering this, the grain size of graphene does not directly 
correlate with that of the Cu substrate in PECVD growth. 
With the growth of successive graphene layers in PECVD, 
the influence of the Cu substrate is abruptly reduced even at 
high Ts, because the dissociation of hydrocarbons occurs only 
on the Cu surface.61 In this case, the activated carbon frag-
ment species produced in the plasma play an important role in 
the growth of graphene layers. The attachment of the C2 radi-
cal would continue the production of graphene, which keeps 
up the fast growth rate after the completion of the first layer, 
while the extension of the sp2 network is most likely stopped 
by the CH radical as indicated in Figure 14.5c. Thus, the grain 
size of the second graphene layer is only limited up to 20 nm. 
As the layer number increases further, the reactions of the 
radicals will control the growth of graphene sheets, which is 
described in Figure 14.5d. For that, the graphene grain size is 
limited by the concentration of CH termination.

Vertical nanowall-like amorphous carbon thin films with 
thicknesses of 6–15 nm have been synthesized using DC 
PECVD on the Cu surface with acetylene as a carbon pre-
cursor.64 The vertical growth mechanism in PECVD is rather 
complicated. The choice of carbon species, property of the 
substrate surface, the reaction pressure and temperature, 
deposition time, as well as the cooling process are all con-
sidered to play a crucial role in the formation of vertical gra-
phene sheets.57,65,66 Simply taking the factor of surface energy, 
the formation of the vertical wall-like structure suggests that 
some anisotropic process occurs simultaneously during the 

graphene growth process.67 The directed flux of the carbon 
radical in the plasma atmosphere is the main reason of the 
observed anisotropy, which will be discussed later. Zhu et al.66 
have reported that first a few-nanometer-thick parallel carbon 
layer is formed on the substrate surface. The vertical growth 
starts after a sufficient force is accumulated at the grain 
boundaries, which push the graphene flakes to curl upward 
along the plasma sheath. Then the high surface mobility of 
the incoming carbon-bearing species and the induced polar-
ization associated with the local electric field help the carbon 
nanostructure to grow vertically rather than in parallel. The 
ionized hydrogen in the plasma offers an etching function, 
which rapidly removes the amorphous carbon defects to pre-
vent the formation of secondary nuclei that might interfere 
with their growth, and also to remove the cross-linking at the 
free edges of the vertically growing carbon sheets to keep the 
edge thinning.68

The synthesis of N-doped graphene films on the Cu foils 
by PECVD has been performed. Nitrogen atoms are found 
to incorporate into the graphene lattice and most of them 
exist at the graphitic (quaternary) sites, judging from the 
binding energy of the N 1s core level in x-ray photoelectron 
spectroscopy (XPS) spectra. The plasma reaction facilitates 
the doping of N atoms even at a low substrate temperature. 
Doped nitrogen atoms seem to distort the planar graphene 
lattice and function as the nucleation sites for the succeeding 
graphene layer. The incorporation of N atoms in graphene 
thus limits the grain size.69 Later on, another approach to 
incorporate N into graphene by plasma treatment in a N2/H2 
gas mixture was demonstrated.57 The N atoms were verified 
to be pyridine-like in a carbon network. Further, the same 
group reported a novel method to prepare in situ N-doped 
graphene by microwave PECVD using polydimethylsilox-
ane (PDMS) as the solid carbon source.70 The decomposi-
tion could occur in plasma at a temperature lower than that 
of conventional thermal CVD; thus, no capping layer was 
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required in this case. The schematic synthesis process is 
illustrated in Figure 14.6.

The concentration of N-doping can be easily controlled 
via the flow rate of N2 during the synthesis process. Figure 
14.7 presents the Raman spectra of as-synthesized N-doped 
graphene films. It can be found that with the N2 flow rate 
increasing, the intensity of the D peak increases. This means 
that with the introduction of more nitrogen atoms into the 
graphene, more defects are induced under the same growth 
conditions, which will be discussed later based on the XPS 
data. In addition, a faint D + D′ band at 2950 cm−1 appears 
and becomes stronger as the doping concentration increases, 
which comes from the combination of phonons with different 
momenta around K and Γ points. The IG/I2D (intensity ratio of 
the G to 2D bands) reduces to 0.35 in the Raman spectrum 
of graphene synthesized with a nitrogen gas flow rate of 4.5 
sccm from 0.75 for the pristine graphene.35,36

The C 1s and N 1s core level XPS spectra of the obtained 
graphene samples are shown in Figure 14.8. The C 1s peak 
of pristine graphene centered at 284.5 eV in Figure 14.8a 
should be assigned to the graphite-like sp2-C.10 When the 
N2 flow rate is 1.5 sccm, another weak peak at 285.5 eV is 

observed, which should be contributed to the format of nitro-
gen bonded sp2-C species.12 As the N2 flow rate increases to 
3 sccm, besides the line at 284.5 eV, two more small peaks 
can be fitted at 285.5 and 286.9 eV, which should origi-
nate from the nitrogen-bonded sp2-C and sp3-C species,12,42 
respectively. When the N2 flow rate is further increased to 
4.5 sccm, a small peak was observed at 288.2 eV in addi-
tion to the nitrogen-bonded sp2-C peak at 285.5 eV, which 
can also be assigned to the N-bonded sp3-C species. The 
shift to higher binding energy of the N-bonded sp3-C peak 
suggests that the chemical states of the carbon atoms may 
be different from those in sample prepared with the 3 sccm 
nitrogen flow rate. This is because with an increase of the 

FIGURE 14.6 Schematic diagram of the in situ nitrogen-doped graphene growth procedure. H2 plasma is used to accelerate the decom-
position of PDMS. The introduction of a small amount of N2 gas in the H2 plasma provides a nitrogen source to be incorporated into the 
graphene lattice. (Wang, C.D. et al. 2013. In situ nitrogen-doped graphene growth from polydimethylsiloxane by plasma enhanced chemical 
vapor deposition. Nanoscale 5: 600–5. Reproduced by permission of The Royal Society of Chemistry.)
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N-doping concentration, one sp3-C atom would interact with 
more than one doped nitrogen atom, and consequently leave 
more positive charge on the sp3-C atoms, causing the higher 
binding energy shift. Analysis of the N 1s core level XPS 
spectra (as shown in Figure 14.8b) provides more chemical 
state information. For pristine graphene, no N 1s signal can 
be observed. When the N2 flow rate is low (e.g., 1.5 sccm), 
only one peak is observed at 400.0 eV, which corresponds 
to pyrrolic-N species.13,25,43,44 As the N2 flow rate increases 
to 3 sccm, there are two peaks centered at 398.5 and 399.8 
eV with almost equal intensity, which could be assigned to 
the pyridinic-N and pyrrolic-N species, respectively. When 
the N2 flow rate is 4.5 sccm, two peaks centered at 398.9 
and 399.9 eV, corresponding to pyridinic-N and pyrrolic-
N, respectively, both increase. Nonetheless, the intensity of 
pyrrolic-N line at 399.9 eV is much higher than that of the 
pyridinic-N one at 388.9 eV, which means with the increase 
of doping concentration, nitrogen atoms prefer to form pyr-
rolic-N type in the 2D carbon lattice. The nitrogen percent-
age in the doped graphene versus nitrogen flux is shown in 
Figure 14.8c. The nitrogen percentage increases from 0.9 to 
5.6 as the nitrogen flux increases from 1.5 to 4.5 sccm. This 
confirms that the present in situ doping approach can effec-
tively control the nitrogen content in the graphene lattice.

A facile approach for ex situ N-doping of graphene by 
plasma treatment in N2/H2 gas mixture was also demonstrated 
by Wang et al.57

Figure 14.9a reports the Raman spectra of graphene sheets 
before and after treatment in a 5% N2/H2 plasma for 2 min. 
The intensities of both the G and 2D bonds are found to 
decrease dramatically. However, the relative intensity of the 
D peak increases with respect to that of the 2D peak, indicat-
ing the increase of defect density in the graphene sheet after 
the plasma treatment. XPS was carried out to study the state 
of nitrogen in the graphene sheet. The survey spectrum in 
the inset of Figure 14.9b clearly shows carbon, oxygen, and 
copper (substrate) signals and a weak nitrogen peak at about 
398.2 eV. The oxygen signal was believed to be due to the sur-
face adsorption of oxygen, and the percentage of N2 in gra-
phene was estimated to be about 5%. XPS core level spectra 
of C 1s and N 1s for the N-doped graphene sheets are shown 
in Figure 14.9b and c, respectively. The C 1s peak at 284.4 eV 
is assigned to graphite-like sp2-C, and the small peaks at 
285.0 and 288.2 eV could be attributed to the N-sp2-C and 
N-sp3-C bonds, respectively.31 The deconvolution of N 1s sig-
nal reveals three components centered at 398.2, 400.4, and 
403.8 eV, which have been demonstrated to correspond to 
pyridine-like N, pyrrole-like N, and nitrites (NOx), respec-
tively.31,32 The strongest peak at 398.2 eV implies that most 
nitrogen atoms incorporated are in a pyridine-like structure 
(N atom has two carbon neighbors in a hexagonal ring). The 
pyridine-like N was shown to present mostly at the edge of the 
graphene sheets or in case a carbon vacancy is created next to 
the nitrogen atom in the carbon network.32 The schematic of 
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pyridine-like and pyrrole-like N structures has been depicted 
in the previous report.31 The incorporation of pyridine-like N 
was believed to be due to the polycrystalline nature of the 
graphene sheets and the exposure of graphene to reactive 
hydrogen/nitrogen plasmas, which might easily lead to the 
formation of carbon vacancies.

14.2.1.2 On the Ni Substrate
Single or multiple layers of graphene sheets have been grown 
on Ni(111), polycrystalline Ni films, and Ni films depos-
ited on SiO2/Si substrates using remote PECVD71 and RF 
PECVD.30,72,73 The layer number of the gained graphene 
sheets generally increases with the deposition time and CH4 
gas flow rate. The growth of graphene directly on the insulat-
ing substrates using conventional CVD is a challenge. It has 
been revealed that in the PECVD process, the graphene layer 
can be grown along the interface of the deposited Ni layers 
and the insulating substrates (e.g., SiO2 and glass) instead of 
only on top of the Ni films by adjusting the growth param-
eters,74–76 because carbon atoms can merge into and penetrate 
through the Ni films in the synthesis conditions. Few-layer 
graphene has been successfully grown at the interface of a 
predeposited 200 nm Ni catalytic film and an insulating glass 
substrate, which is schematically shown in Figure 14.10. The 
direct fabrication method is then completed by removal of 
the surface graphene sheets by H2O plasma and Ni layers 
using a chemical etching process, and finally leaving large-
area and high-quality single-layer graphene film on the glass 
substrates. The electrical transport property of the fabricated 
graphene can be controlled as p- or n-type by N-doping dur-
ing plasma CVD growth. The charge neutral point of the 
graphene-based field-effect transistor (FET) can be shifted 
from the positive to the negative gate bias regions by sim-
ply controlling the NH3 gas concentration during the PECVD 
process.74

The vertical growth of graphene sheets was also observed 
on the Ni substrates using RF PECVD. It was found that the 
graphene sheets grow vertically at a rate of between 70 and 
80 nm per minute a few nanometers away from the Ni grain 
boundaries, because the growth rate on the grain boundary 
of the Ni substrate is higher than that in the center of the Ni 
grain. The film height increases linearly with the growth 
time from 700 nm for 10 min to 3.1 µm for 40 min.77 The 
authors reported that at the beginning, 2D graphitic islands 
grow following the Volmer–Weber planar mode on the Ni 
substrate. The 2D islands will impinge on each other as their 
intensity increases, and then push the sp2 bonds upward. The 
decomposed carbon radical in the plasma thus continuously 

 provides ions and atoms to grow the graphene along the verti-
cal direction.

14.2.1.3 Co and Its Alloy Substrates
1–5-layer graphene films were synthesized on a polycrystal-
line Co and Pd–Co alloy film by RF PECVD at temperatures 
of 800°C and 400°C, respectively,32,78 in a mixture of CH4/H2/
Ar gases. The obtained graphene sheets are of high quality 
as proved by the Raman spectroscopy and XPS results. The 
octahedral and tetrahedral lattice interstitial sites existing in 
the Co crystallites have a significant influence on the forma-
tion of graphene.78 The high decomposition rate of hydrocar-
bon gases and formation of nanosize aggregates giving rise 
to the enhancement of carbon incorporation into the Pd–Co 
alloy and consequently formation of graphene layers at such 
a low temperature of 400°C were proposed. The authors 
 further pointed out that the quality of the graphene sheet can 
be further improved by optimizing Co composition and CVD 
growth conditions.32

14.2.2  Growth oF Graphene without 
metalliC CatalyStS

Graphene grown using conventional CVD is limited only on 
metallic catalyst surfaces such as Ni, Cu, Pt, and Co at high 
temperatures. This is one of the most serious problems for 
the practical applications of synthesized graphene in elec-
tronic devices, which usually require insulators or semi-
conductors as supports. Therefore, developing the methods 
of direct growth of graphene on the insulating substrates, 
particularly on the SiO2 substrate, is highly required.79 Four 
to six multilayer graphene aligned vertically to the Si and 
SiO2 substrate surfaces in a high-density network was syn-
thesized in the absence of any metallic catalyst by microwave 
PECVD with gas mixtures of CH4 and H2.80,81 The constitu-
ent graphene nanoflakes have a highly graphitized knife-
edge structure with a 2–3-nm-thick sharp edge as revealed 
by transmission electron microscopy (TEM).82 Figure 14.11 
shows the scanning electron microscopy (SEM) and atomic 
force microscopy (AFM) images of the vertically grown gra-
phene nanoflakes.

The vertically grown graphene has only been reported 
when the substrates are exposed to plasma. Though a large 
number of growth models have been proposed, there is no 
full understanding yet of the striking experimental observa-
tions.83,84 The catalyst-free-grown graphene nanosheets pos-
sess flower-like structures with a large amount of sharp edges 
consisting of a few-layer graphene sheets. It can be seen that the 
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FIGURE 14.10 Schematic diagram of the interfacial graphene growth process: (a) Ni deposition on the glass; (b) growth of graphene using 
dc-PECVD at 450°C; (c) etching of the surface graphene sheets by H2O plasma, and followed by the wet Ni etching; (d) final graphene-on-
glass sample. (Reprinted with permission from Yu, Q. et al. Graphene segregated on Ni surfaces and transferred to insulators. Appl. Phys. 
Lett. 93: 113103. Copyright 2008, American Institute of Physics.)
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flower-like nanosheets have crumpled surfaces and arbitrarily 
intertwine each other with a large surface area. Nevertheless, 
the growth mechanism is still being investigated.

Soin et al.82 pointed out that graphene growth can orien-
tate in two directions: parallel and vertical to the substrate. 
The parallel growth will stop when the graphene edge comes 
into contact with another one as previously indicated on the 
Cu substrate. When every line segment is blocked, parallel 
growth will cease completely and vertical growth dominates 
the process. It is proposed that the in-plane nucleation sites 
evolve via the addition of the C2 radical to the 2D graphene 
clusters that are formed during the initial nucleation phase as 
shown in Figure 14.12a. Once the sheet geometry is changed 
from in-plane to out-of-plane via stress release, the high mobil-
ity of the incoming carbon-bearing species induces polariza-
tion of graphitic layers and consequently causes the graphene 
to grow perpendicularly as shown in Figure 14.12b. Zhang 
et al. found that when the DC voltage is decreased to 50 V, 
no vertically grown graphene is found.85 It is thus believed 
that the strong electric field force is another main factor that 
causes the graphene to polarize vertically to the substrate. It 
is plasma that makes it possible to enhance the surface area 
by bending the graphene sheet without increasing the total 

surface area.86–89 When smaller petals merge and thus form 
a larger interconnected network, the resultant petal structure 
becomes an electrostatic equipotential surface, reducing the 
effect of the inhomogeneous, and local electric field distri-
bution, then leading to a more uniform growth of graphene 
sheets. In the existence of plasma, the amorphous carbon film 
is bombarded by the H radical to form the random small-size 
nanoflakes as the nucleation. Subsequently, the graphene fur-
ther grows on the nucleation sites and is almost aligned verti-
cally to the substrate.80 Additionally, the local electric field 
induced by the plasma is considered as another reason for ver-
tical orientations of the graphene because the electric-field-
dependent orientation has been observed during the growth 
of carbon nanotubes90 and nanowalls.91 Carbon radicals that 
directly adsorb onto the outermost edge of graphene are most 
likely for rapid graphene growth.92 Moreover, carbon might 
be simultaneously etched by the H plasma from the upper-
most edge of the graphene, which prevents excessive edge 
thickening.66

Qi et al. studied the influence of total CH4 + Ar gas pres-
sure on the growth behavior of carbon nanomaterials on 
the Si(100) substrate covered with CoO nanoparticles using 
PECVD.93 In high total gas pressure, the possibility of col-
lision between the gas molecules as well as between the gas 
molecules and the substrate surface increases proportion-
ally,94 which results in an intensive density of H-containing 
species in the chamber and high collision probability between 
the H-containing species and the covered CoO nanoparti-
cles. This leads to the reduction of the CoO nanoparticles 
and the formation of the Co catalyst,95 which promotes the 
growth of carbon nanotubes. In a medium total gas pressure, 
the plasma electron density decreases, and the Ar ion bom-
barding energy increases. Large quantities of defects (e.g., 
vacancies and interstitials) on the top and sidewalls of carbon 
nanomaterials are generated.96,97 Such defects therefore pro-
vide nucleation sites for graphene sheets,98,99 and lead to the 
formation of the branch-like graphene sheets.100,101 When the 
total gas pressure is low, the concentration of H-containing 
species becomes lower; hence the reduction rate of the CoO 
nanoparticles strongly decreases, and only graphene sheets 
are grown. This is because graphene sheets can grow on Si, 
SiO2, Al2O3, and different metal substrates without a cata-
lyst in the PECVD process.102–104 However, other carbon 
nanomaterials such as carbon nanotubes can hardly grow 
without the presence of a metallic catalyst.105 The growth 
mechanism of the graphene sheets on this substrate is specu-
lated. When it is at the nucleation stage, carbon species will 
compress and lead to the formation of dangling bonds on 
the CoO nanoparticles surface. Disordered carbon nano-
flakes of small sizes would be nucleated at these dangling 
bonds, followed by the growth and subsequent formation of 
the graphene sheets on them.83 If the growth time increases, 
the influence of the Ar ion bombardment will induce more 
defects on the surface of the existing graphene sheets, which 
in turn become the new nucleation sites for the growth of 
new graphene sheets. Finally, the “petal-like” graphene 
sheets are formed.
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FIGURE 14.11 (a) High-magnification SEM and (b) AFM image 
of the vertical graphene nanoflakes. (Reprinted from Mater. Chem. 
Phys., 129, Soin, N. et al. Microstructural and electrochemical prop-
erties of vertically aligned few layered graphene (FLG) nanoflakes 
and their application in methanol oxidation, 1051–7, Copyright 2011, 
with permission from Elsevier.)

Si substrate

(a) (b)
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EE

FIGURE 14.12 Schematic illustration of the growth model of 
few-layer graphene, (a) the initial nucleation stage of the in-plane 
turbostratic graphite via carbon radical precipitation or adsorption 
onto the silicon substrate and (b) subsequent change in orientation 
with increase of growth time leading to the formation of vertical 
few-layer graphene. (Reprinted from Mater. Chem. Phys., 129, Soin, 
N. et al. Microstructural and electrochemical properties of vertically 
aligned few layered graphene (FLG) nanoflakes and their applica-
tion in methanol oxidation, 1051–7, Copyright 2011, with permission 
from Elsevier.)
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A model for the initial growth mechanism of graphene has 
been proposed using CFx as the carbon precursor on the Si 
substrate,106 which is presented in Figure 14.13. Initially, CFx 
radicals are adsorbed on the Si surface to form a very thin 
fluorocarbon layer. Then, carbon species produced from the 
CFx radicals adsorb on or migrate on the Si surface via the F 
abstraction reaction by H radicals and condense to form carbon 
nanoislands with active dangling bonds. When the deposition 
time increases, the Si substrate surface is completely covered 
by the carbon nanoislands and an interface layer with a rough 
surface is formed, on which there are many dangling bonds 
acting as nucleation sites for carbon nanoflakes. Consequently, 
small and disordered carbon nanoflakes are nucleated at these 
dangling bonds following a 2D growth model and subsequently 
form nanographene sheets. Finally, among the randomly orien-
tated graphene sheets, those standing almost vertically on the 
substrate surface grow faster than those parallel to the substrate 
and result in the formation of vertically standing graphene 
nanosheets. This is because the growth rates are different along 
the strongly bonded planes and along the weakly bonded stack-
ing direction of the expanding graphene sheets. Reactive car-
bon radicals arrive easily and first at the edge of the graphene 
layer, and at the same time, the graphene layers expand prefer-
entially in the radical diffusion direction that is perpendicular 
to the electrode plane.

Table 14.1 lists some of the growth parameters for the 
three-dimensional (3D) graphene prepared on the Si or SiO2 
substrates without any metallic catalysts.

14.3  APPLICATIONS IN LITHIUM-ION 
BATTERIES

Owing to the unique 3D structure of graphene films grown 
in plasma, it has been well applied as the electrode substrate 
for rechargeable lithium-ion batteries based on their excellent 
electron and lithium ion pathways.108,109

Si thin films have been reported to display long-term 
cyclability and high coulombic efficiencies as anode elec-
trodes for lithium-ion batteries (LIBs) as they provide short 
diffusion/transport paths for ions and electrons and effec-
tively alleviate the pulverization caused by large volume 

TABLE 14.1
Growth Parameters of Graphene on Si and SiO2 Substrates without any Metallic Catalysts

Gaseous Sources Growth Rate (nm min−1) Substrates Substrate Temperature (°C) Microwave Power (W) Total Pressure References

C2F6 + H2 24 Si(100) 580 250 160 Pa 106

CH4 + H2 SiO2 700 2000 50 mbar 80

CH4 + N2 1600 Si ~1000 1500 40 Torr 81

CH4 + N2 1500 Si ~1250 800 60 Torr 82

CH4 + H2 ~50 Si ~1000 700 30 Torr 92

CH4 + Ar 40 Si 450 3000 130 mTorr 84

CH4 + H2 ~80 Si 550 500 220 Pa 85

CH4 + H2 SiO2 700 2000 40 Torr 107

30 s
Fluorocarbon layer

Si

Nanoisland

1 min

2 min

3 min

Interface layer

Si

Si

Si

Nucleus

CNW

CNW

FIGURE 14.13 Illustrations of the vertical growth process of the 
carbon nanowalls (CNWs) synthesized on a Si substrate. (Reprinted 
with permission from Kondo, S. et al. Initial growth process of car-
bon nanowalls synthesized by radical injection plasma-enhanced 
chemical vapor deposition. J. Appl. Phys. 106: 094302. Copyright 
2009, American Institute of Physics.)
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expansion.110,111 However, the thickness of such films has 
been limited to a few tens of nanometers, because with an 
increase of the film thickness, the cracking induced by the 
stress and the high inherent resistance will lead to a decay in 
cycling performance and low capacity at high rate.112 The 3D 
graphene scaffolds developed by Zhang et al.113–115 and Cao 
et al.116 provided the promising support substrates for Si thin 
films. The highly porous scaffolds not only serve as mechani-
cal supports but also act as current collectors to enhance 
electrical conductivity. Moreover, the 3D graphene structure 
can release the strain of the Si component during lithium-ion 
insertion/extraction processes. As compared with metal scaf-
folds, graphene is considered to be a more appropriate scaf-
fold material for high-performance Si-based LIBs, because it 
can effectively enhance the transport of electrons and Li ions, 
and act as a buffer in alleviating the internal stress induced 
during Li+ uptake and release processes.117

The surface morphologies and structures of the developed 
3D graphene scaffold and 3D graphene-supported Si electrode 
(GSSE) are shown in Figure 14.14. TEM and high-resolution 
TEM (HRTEM) images of the as-synthesized graphene films 
are shown in Figure 14.14b and c, which indicate that the gra-
phene is transparent and composed of multiple layers as high-
lighted in the white box. The corresponding intensity profile of 
the graphene shown in Figure 14.14d indicates that the thickness 
of each graphene layer is measured to be 0.34 nm. Figure 14.14e 
and f shows the SEM morphology and TEM image of 3D GSSE 
after a coating of Si nanoparticulate films of about 0.3–0.5 µm. 
The Si grains are composed of Si nanoparticles of several nano-
meters in size, which are homogenously coated on the graphene 
surface. Different from the amorphous Si by sputtering mostly 
reported for LIBs,114,115 Si prepared in this work is a mixture of 
polycrystalline and amorphous phases as shown in the selected 
area electron diffraction (SAED) image (Figure 14.14g), in 
which some crystalline diffraction patterns (e.g., (111), (220), 
and (311)) on blurred diffraction rings can be identified.

To demonstrate the superior electrochemical performance 
of the GSSE as an anode material for LIB, the electrochemi-
cal investigation of the electrode has been performed. Its 
cycling performance is shown in Figure 14.15a, an outstand-
ing cycling stability is demonstrated compared with those 
of Si–G(2D)–Ni (Si deposited on 2D graphene/Ni substrate) 
and Si–Ni electrode (Si directly deposited on the smooth Ni 
foil). Although the initial capacity of Si–G(2D)–Ni and Si–Ni 
electrodes are higher than that of GSSE, capacities decreased 
quickly and finally dropped to 473 mAh g−1 after 200 cycles 
for Si–G(2D)–Ni and 61 mAh g−1 after 500 cycles for Si–Ni 
electrodes, respectively.

As shown in Figure 14.15b, the specific capacity of 
1282 mAh g−1 can be achieved at the 300th cycle and 
1083 mAh g−1 at the 1200th cycle under 2390 mA g−1 rate, 
thus giving a capacity retention of 84.5% (1083/1282). Under 
the current density of 7170 mA g−1, the specific capacities of 
GSSE are 846 mAh g−1 at the 400th cycle and 803 mAh g−1 
at the 1200th cycle. Figure 14.15c presents the charge–dis-
charge profiles of GSSE at the 1st, 100th, 200th, 300th, 500th 
cycles at 797 mA g−1. In the 1st cycle, the plateau at ~0.25 V 

versus Li+/Li is observed, suggesting the formation of solid 
electrolyte interphase (SEI) on the Si surface.118 The slop-
ing profile between 0.1 and 0.01V is considered to relate Si 
lithiation to amorphous LixSi.119 Meanwhile, it is observed 
that the charging capacity (lithiation) of the first cycle is only 
1807 mAh g−1, which is much lower than 3579 mAh g−1. As it 
was reported that 3579 mAh g−1 is the lowest capacity needed 
for the formation of crystalline Li15Si4,119 the absence of the 
Li15Si4 phase can effectively alleviate the high internal stress 
during the lithiation and delithiation process.112 For the 100th, 
200th, and 300th cycles, no obvious change in the lithiation/
delithiation profiles can be observed, indicating stable cycling 
performance. Even up to 500 cycles, there is only a small 
difference in lithiation capacity compared with the previous 
cycles. The outstanding cycling performance of GSSE could 
be contributed to the formation of a stable SEI layer atop the 
Si electrode and the flexible graphene scaffold substrate.

500 nm

50 nm

5 nm

(111)

(220)

(311)

0 1.0 2.0 3.0
nm

(a) (e)

(b) (f )

(c)

(d)

(g)

4.0

50 nm

1 μm

FIGURE 14.14 (a) SEM image of the as-prepared 3D graphene 
films on the Ni substrate measured at 45°, (b) TEM and (c) high- 
resolution TEM images of the as-synthesized graphene, (d) the 
corresponding intensity profile of the multilayer graphene shown 
in (c)  as emphasized in the white box, by which the thickness of 
the monolayer graphene sheet can be determined, (e), (f), and 
(g)  SEM image (measured at 45°), TEM image, and SAED pat-
tern of the 3D  graphene-supported Si electrode (GSSE). (Wang, 
C. D. et  al. 2013. Three-dimensional graphene scaffold supported 
thin film   silicon  anode for lithium-ion battery. J. Mater Chem. 
A 1: 10092–8. Reproduced by permission of The Royal Society of 
Chemistry.)
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Figure 14.15d and e displays the capacities of the GSSE under 
different current densities from 239 mA g−1 to 2868 mA g−1. 
An excellent rate capability is demonstrated. Furthermore, it 
should also be noted that after 35 cycles with different current 
densities even up to 28,680 mA g−1, a stable specific capacity 

of 2281 mAh g−1 could be recovered when the current density 
is switched back to 239 mA g−1. The cyclic voltammograms 
(CVs) shown in Figure 14.15f shows that during the cathodic 
polarization process (Li alloying), a peak at around 0.1 V was 
observed in the first cycle due to the formation of amorphous 
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FIGURE 14.15 (a) Cycle performance of the 3D graphene-supported Si electrode (GSSE), Si–G(2D)–Ni, and Si–Ni at 797 mA g−1. The cou-
lombic efficiency of the GSSE is also presented. (b) Charge/discharge capacities of the GSSE under current densities of 2390 and 7170 mA g−1. 
For the rate of 7107 mA g−1, the first cycle was set as 239 mA g−1, the following 20 cycles was at 478 mA g−1 followed by 30 cycles at 
797 mA g−1 and then 50 cycles at 2390 mA g−1. (c) Voltage profiles of the GSSE at 1th, 100th, 200th, 300th, and 500th cycles at 239 mA g−1. 
(d) and (e) Galvanostatic charge/discharge capacity and voltage profiles of the GSSE at various rates from 239 to 28,680 mA g−1. (f) Cyclic 
voltammograms (CVs) of the GSSE for initial 10 cycles at a scan rate of 0.1 mV s−1 and a potential range of 0–2.7V versus Li+/Li. (Wang, C.D. 
et al. 2013. Three-dimensional graphene scaffold supported thin film silicon anode for lithium-ion battery. J. Mater Chem. A 1: 10092–8. 
Reproduced by permission of The Royal Society of Chemistry.)
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Si–Li alloy by the insertion of Li into polycrystalline Si.120 In 
the subsequent cycles, a new peak at 0.2 V appeared, which 
could be assigned to higher-voltage lithiation of the amor-
phous Si–Li phase.121 In the anodic scan, two peaks were 
observed at 0.36 and 0.52 V, which should be attributed to the 
delithiation from LixSi to Si. After the first cycle, the intensity 
of the anodic peak at 0.36 V increased gradually, suggesting 
that Li extraction kinetics was improved. In addition, another 
anodic peak at 0.52 V almost did not change in the subsequent 
cycles. This demonstrates that the Si active materials undergo 
high reversible lithiation/delithiation reactions.

Hybridizing Si with graphene has been demonstrated to be 
a very promising way to improve the electrochemical perfor-
mance of Si-based LIB anodes, The excellent cyclic stability 
of the GSSE should be attributed to the unique designed archi-
tecture structure: (1) The high quality and conductive gra-
phene scaffold provides the high pathway for lithium ions and 
electrons between the electrode and the current collector. (2) 
The graphene scaffold with its macroporosity can effectively 
accommodate the large volume change of Si during charge/
discharge processes. (3) The 3D graphene scaffold is flexible, 
which further relieve the internal force inside Si materials 
during cycling. Moreover, the 3D graphene scaffold favors 
immersion into the electrolyte and consequently reduces the 
concentration polarization. (4) The large surface area based 
on the merit of 3D architecture provides a larger active area 
for electrochemical reactions, which lead to faster dynamics 
and better utilization of the active electrode material. (5) Even 

when the Si electrode is cracked after long cycles, the gra-
phene scaffold can still host the cracked Si electrode, provid-
ing channels for electron and lithium transport and alleviating 
the aggregation of the Si nanoparticles.

Finally, the authors pointed out that the small mass loading 
of the GSSE anode may limit its practical high-power applica-
tions. However, the overall outstanding performance, in par-
ticular the good rate performance and high-capacity retention 
of the anode, may lead to its applications in thin-film LIBs in 
small-sized electronic devices, for example, Micro-Electro-
Mechanical Systems (MEMS) and Nano-Electro-Mechanical 
Systems (NEMS) in which performance stability and reliabil-
ity are more important than just large capacity. Moreover, the 
approach to fabricate the 3D graphene/Si thin-film electrodes 
in this work is facile and capable of being reproduced.

Later on, the same group further reported 3D Sn-graphene 
electrode by deposition of Sn nanoparticle films on the 3D 
graphene films. Figure 14.16a shows the typical Raman spec-
trum collected on the as-grown 3D graphene films. Figure 
14.16b depicts an SEM image of the 3D graphene architec-
ture. Figure 14.16c and d presents the SEM and TEM images 
of the 3D Sn-graphene electrode. It can be clearly seen that 
the evaporated Sn forms nanoparticles tightly enclothe the 3D 
graphene support. The SAED pattern of the Sn nanoparticles 
is shown in the inset of Figure 14.16d, which verifies the poly-
crystalline nature of the thermally evaporated Sn.

The electrochemical performances of the 3D Sn-graphene 
anode are shown in Figure 14.17. In addition to the 
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the SAED pattern measured on the Sn nanoparticles, and the (006) diffraction of carbon from underlaid graphene. (Wang, C.D. et al. 2013. 
Three-dimensional Sn-graphene anode for high-performance lithium-ion battery. Nanoscale 5: 10599–604. Reproduced by permission of 
The Royal Society of Chemistry.)
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aforementioned high initial specific capacity (2083 mAh g−1) 
and coulombic efficiency (74%), the 3D Sn-graphene anode 
has the highest Li storage capacity of 1130 mAh g−1 after 400 
cycles among all Sn-based anodes reported thus far. For com-
parison, recent representative research work on Sn/carbon 
nanocomposite anodes is summarized in Table 14.2.

It is apparent that the 3D Sn-graphene anode demonstrates 
significant improvements in overall performance, particularly 
in capacity and stability.124,129,135,136 The coulombic efficiency 
keeps stable at ~99.4% for over 400 cycles.

In addition, further cycling performance under a higher 
current density of 992 mA g−1 (1C) was tested as shown in 
Figure 14.17b. After a dozen initial cycles, the delivered capac-
ity dropped from 1927 mAh g−1 to 640 mAh g−1. Excitingly, 
the capacity was able to keep at 662 mAh g−1 for around 
4000 cycles. This demonstrates so far the longest cycles that 

Sn-based electrodes can reach with 100% capacity reten-
tion. The outstanding cycling stability of the 3D Sn-graphene 
could be attributed to the unique 3D graphene architecture: 
(1) Mechanically, during lithiation/delithiation reaction pro-
cesses, the intrinsic elastic properties of the assembled gra-
phene sheets enable the maintainence of the contact and 
correspondingly charge transport pathways between Sn 
nanoparticles and underlying graphene despite a huge vol-
ume change of Sn nanoparticles. (2) Topographically, with the 
3D graphene scaffold, the same loading of Sn nanoparticles 
can be dispersed over a much large surface area, and thus 
effectively prevent their aggregation. Therefore, their contact 
area with electrolyte is greatly enlarged and Li ion exchange 
is drastically facilitated. (3) Electrically, the graphene scaf-
fold can also act as an excellent electron transport channel 
between the electrode and the current collector, as a result, 
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FIGURE 14.17 (a) Cycling performance of the 3D Sn-graphene (3D Sn–G–Ni) at a constant current density of 1/3 C. For comparison, 
the cycling performance of Sn directly deposited on bare Ni foil (Sn–Ni) under the same conditions was also presented. (b) Cycling perfor-
mance of the 3D Sn-graphene at a high current density of 1 C, and (c) rates performance of the 3D Sn-graphene. (Wang, C.D. et al. 2013. 
Three-dimensional Sn-graphene anode for high-performance lithium-ion battery. Nanoscale 5: 10599–604. Reproduced by permission of 
The Royal Society of Chemistry.)



241Graphene Grown with Plasma-Enhanced Process and Its Applications in Lithium-Ion Batteries

binder and other conductive additives can be avoided, which 
can increase the specific capacity and stability of LIBs.

To test the rate capacity of the 3D Sn-graphene electrodes, 
a rate performance study was carried out and the result is 
presented in Figure 14.17c. During the first 20 cycles under 
0.1 C and 0.2 C, the capacity kept decreasing from 2034 to 
906 mAh g−1, and then became stable and delivered reversible 
capacities of 754, 615, and 424 mAh g−1 at higher current rates 
of 0.5, 1, and 2 C, respectively. The high reversible capacity 
at enlarged current density indicates an increased Li diffu-
sion rate at the 3D Sn-graphene electrode. When the current 
density was reduced to 0.1 C again, a reversible capacity of 
854 mAh g−1 was obtained.

14.4 CONCLUSIONS

The preparation and characterization of graphene films on 
different substrates using PECVD was reviewed. The non-
equilibrium property of the plasma induces very high decom-
position rates of the molecular gases, which accelerates the 
growth rate of graphene. The graphene growth mechanisms 
on different substrates are different. Vitchev et al. investigated 
the growth processes of graphene on quartz, Si, and Pt sub-
strates at the same conditions.137 They found that the initial 
stages of the graphene growth varied for the three different 
substrates due to their distinct physical natures. A crystalline 

graphitic layer was first formed parallel to the Pt surface 
followed by the growth of few-layer graphene flakes stand-
ing perpendicularly. No amorphous carbon layers could be 
detected on the Pt surface, even for a very short deposition 
time. For the quartz substrate, an amorphous carbon layer was 
initially grown with a subsequent formation of graphitic lay-
ers and few-layer graphene flakes. However, an SiC interlayer 
with an amorphous carbon film formed on its top were grown 
first on the Si substrate followed by the formation of graphitic 
layers and few-layer graphene flakes.

The effective N-doping into the graphene lattice has been 
reported, which has been proved to be a very useful solution 
to deal with the important problem of opening the band gap 
for the normally bandgap-less graphene.72 This is significant 
for constructing graphene-based electrical devices, such as 
FETs, and integrated circuits, which generally require spa-
tially different dopant concentrations in a single graphene 
layer. Moreover, the realization of synthesis of graphene at 
low temperatures makes it possible to directly grow graphene 
on glass, Si, and SiO2 substrates with the help of plasma. This 
opens an exciting opportunity in using graphene not only as a 
highly conducting channel but also as a semiconducting logic 
element in electronics.

Finally, 3D graphene films have been applied as an elec-
trode supporter for LIBs anode materials. Owing to the unique 
structure and excellent electronic and mechanical properties 

TABLE 14.2
Cycling Performance of the Sn-Based Anodes Tested at Constant Current Densities

Sample Structure
Tested Current 

Density (mA g−1)
Specific Capacity Corresponding 
to the Current Density (mAh g−1)

Cycling 
Number (n)

Initial Coulombic 
Efficiency (%)

Year 
Published References

Core-shell Sn@ carbon 
composite

25 638 315 51.2 2012 122

Sn@CNT (carbon 
nanotubes)

100 982 100 – 2011 123

Graphene-confined Sn 
nanosheets (G/Sn/G)

50 590 60 66.5 2012 124

RGO (reduced 
graphene 
oxide)-Sn@C

100 630 50 66.9 2012 125

Multilayered graphene/
Sn nanopillar

50
500

723–679
582–508

30
40

– 2011 126

Sn/graphene 80 1100 30 65.9 2012 127

Sn@C/graphene 100 660 100 – 2011 128

Sn-MWCNT 
(multiwall CNT)

198.6 900 100 – 2012 129

Mesoporous Sn/C 
composite

500 554 200 60 2011 130

Mesoporous Sn/Cu 
composite

500 174.5 200 70.8 2012 131

Porous tin-based film 100 310–340 50 – 2012 132

Nanocone-arrays 
supported tin

198 614 70 – 2011 133

3D tin on virus scaffold 1000 560 100 64 2012 134

3D Sn-graphene 293
879

794
466

400
4000

74
–

– 108
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of graphene, the Si and Sn anode electrode based on the 3D 
graphene structure showed outstanding electrochemical prop-
erties compared with the Si and Sn electrode prepared on the 
2D graphene films and directly on the metal current collec-
tors. These results further indicate the advantages of the 3D 
graphene films synthesized using PECVD, and as well as 
their applications for other anode materials and other devices.
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15 Wafer-Scale Chemical Vapor 
Deposition of High-Quality 
Graphene on Evaporated Cu Film

Li Tao and Deji Akinwande

ABSTRACT

This chapter describes the latest progress in realizing state-of-
the-art high-quality graphene on annealed Cu(111) films on 
standard oxidized 100-mm Si wafers. Compared to conven-
tional copper foils used in the chemical vapor deposition of 
graphene, there are distinct differences in terms of thermal, 
chemical, and physical growth characteristics of graphene on 
copper films. This is because the phase transition of evapo-
rated copper films from amorphous to (111) preferred crys-
talline, which resulted in subsequent growth of high-quality 
graphene, as corroborated by x-ray diffraction and electron 
backscatter diffraction. Noticeably, such phase transition of 
copper film was observed on technologically ubiquitous Si 
wafer with a standard amorphous thermal oxide. This leads to 
an important synthesis feature of the role of H2 on the annealed 
Cu(111) film, which contrasts with conventional foils, as first 
monitored by time-of-flight secondary ion mass spectroscopy. 
Large-area Raman mapping indicated high uniformity (>97% 
coverage) of monolayer graphene with immeasurable defects 
(>95% defect-negligible) across the entire 100-mm wafer. A 
direct etching transfer process has been recently developed 
to preserve the clean surface and intrinsic electrical property 
of transferred monolayer graphene. Fabricated graphene field 
effect transistors on both 100-mm wafer and polyimide plastic 
substrates achieved high mobilities.

15.1 INTRODUCTION

15.1.1  ChemiCal vapor depoSition oF Graphene 
on evaporated Cu FilmS verSuS Cu FoilS

Graphene is a quasi-two-dimensional material formed by a 
monolayer of carbon atoms that are densely packed in a hon-
eycomb crystal lattice [1–3]. Since its successful exfoliation 
and epitaxial growth in 2004 [1,4], graphene has attracted 
great interest due to its unique physical properties such as 
high electron mobility at room temperature with intrinsic 
mobility up to ~200,000 cm2/Vs [5]. The unique properties 
of graphene make it a promising candidate for fundamental 
study as well as potential device applications. However, the 
exfoliation method at this moment can only generate microm-
eter size graphene flakes which are not practical for device 
applications. Besides the mechanical method of exfoliation, 
chemical vapor deposition (CVD) synthesis of graphene on 
Cu foil catalyst substrates has been developed by Li et al. [6], 
with large area monolayer graphene with high uniformity, 
holding great promise for employing graphene large-scale 
device integration.

Recent progress in the synthesis of large area single and 
few layer graphene [7–10] has enabled study of various 
potential sensor, optical, thermal, and electronic applications 
[2,11–15]. The application of graphene for next-generation 
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nanoelectronics and nanotechnology, however, requires high-
quality films with low-defect density and high uniformity. 
One of the most practical methods is CVD of graphene on 
evaporated copper film on various supporting substrates, 
which has the potential for direct integration into standard 
device manufacturing processes [16–19]. In contrast to high-
quality graphene grown on copper foils [7–9], monolayer gra-
phene grown on evaporated copper thin film has had (up until 
now) relatively lower quality with regard to the following met-
rics measured by Raman spectroscopy: (i) a wider 2D-peak 
or reduced 2D-peak to G-peak intensity ratio (I2D/IG) suggest-
ing the presence of few layer films or (ii) substantial D-peak 
intensity signifying appreciable defect density [16–18,20–22]. 
For the thermal CVD growth of graphene on copper foils, the 
lowest reported temperature using methane precursor is 800–
850°C by Lee et al. [21], and Cai et al. [23], albeit with sub-
stantial defects or the presence of multilayers. Also, Gao et al. 
[24], reported the ultrahigh vacuum epitaxial growth of gra-
phene on single crystal Cu(111), but with a large defect-peak 
and small domains. Moreover, Vlassiouk et al. [22], reported 
that an optimum ratio of hydrogen gas to hydrocarbon gas 
exists to facilitate low-defect monolayer graphene growth on 
copper foils owing to the competition between the growth and 
etching of graphene.

Section 15.2.1 will summarize the aforementioned key 
process details in the CVD of graphene on evaporated cop-
per film that shows noticeable differences from conventional 
copper foils in terms of the thermal, chemical, and physi-
cal growth characteristics. Considering such differences, it 
is not surprising that the CVD conditions most suitable for 
graphene synthesis on evaporated Cu film are not the ideal 
conditions for growth on copper foils (e.g., lower temperature 
with a hydrogen-free methane precursor). In Section 15.2.2, 
monolayer graphene with negligible defects was obtained for 
the first time on vapor-deposited Cu films on standard oxi-
dized silicon at a temperature below 900°C via thermal CVD 
without hydrogen gas in the growth phase. These unexpected 
observations result from the differences in the preferred crys-
tal orientations of evaporated copper film versus commercial 
copper foil and the subsequent interactions with the carbon 
precursor, as depicted in Section 15.2.3.

15.1.2 waFer-SCale Cvd oF Graphene on Cu Film

The wafer-scale synthesis of monolayer graphene with com-
plete surface coverage and low defects for direct integration 
with standard complementary metal–oxide–semiconduc-
tor (CMOS) processes is a necessary requirement for very 
large-scale graphene nanoelectronics [16,18,25–28]. To this 
end, the Cu(111) surface has been identified as the preferred 
catalytic metal with a good lattice matching (lattice mismatch 
<4% at 300°C) to graphene and is essential for achieving low 
defects with high uniformity [19,24,29]. However, Cu(111) 
films are typically obtained on single crystal epitaxial sub-
strates such as sapphire [19,30], which do not offer the low-
cost and  industrial scale processing of standard Si substrates. 
In contrast, copper films deposited on thermal oxides on 

Si (thus,  SiO2/Si) are mostly amorphous as-deposited, and 
 usually form polycrystalline grains with random orientations 
after thermal treatment. Although the Cu(111) facet is ener-
getically favorable considering its minimum surface energy 
compared to other facets [31,32], it is not straightforward to 
obtain the (111) texture surface due to competing factors such 
as strain energy [32,33] and restricted boundaries [34,35]. The 
influence of these factors results in an increased fraction of 
(200) [34], or (220) [35], facets that are reported to lead to 
nonuniform quality and substantial defects in the synthesized 
graphene [29].

Section 15.3.1 will describe both the phase transition of 
evaporated amorphous copper to crystallized Cu(111) films on 
100-mm SiO2/Si wafers after very high flow-rate H2 thermal 
anneal at 900–1000°C, and growth of high-quality graphene 
by CVD on this annealed substrate at wafer scale. Electron 
backscatter diffraction (EBSD) reveals that the crystallized 
copper film affords a (111) orientation in ~97% of the char-
acterized surface, and x-ray diffraction (XRD) study veri-
fied that such crystallization occurs after high flow-rate H2 
annealing even before the graphene growth. In addition, the 
synthesis of high-quality monolayer graphene on hydrogen 
enriched Cu(111) film samples [36] can be easily scaled to 
arbitrary wafer sizes. In order to monitor the quality of such 
large area graphene, an automated Raman mapping software 
was developed as described in Section 15.3.2 for the charac-
terization of CVD of graphene.

The Raman analysis indicates high uniformity across the 
wafer with an average intensity ratio of the 2D-peak to G-peak 
(I2D/IG) ~ 3.2, average full width at half maximum (FWHM) 
of the 2D-peak (FWHM2D) ~30 cm−1, and with very low-
defect density as measured by the D-peak to G-peak inten-
sity ratio (ID/IG) which is <0.2 for over 95% of the surface. 
Scanning tunneling microscopy (STM), transmission electron 
microscopy (TEM), and electrical measurement all indicate 
that high-quality graphene comparable to exfoliated graphene 
has been obtained [37,38]. These results pave the path for 
wafer-scale graphene nanotechnology with uniform mono-
layer coverage and with the material quality to afford the high 
yield essential for very large-scale integrated systems.

This chapter illustrates the latest progress in realizing 
state-of-the-art high-quality graphene on annealed Cu(111) 
films on standard oxidized 100-mm Si wafers. Compared to 
conventional copper foils used in the CVD of graphene, there 
are distinct differences in terms of thermal, chemical, and 
physical growth characteristics of graphene on copper films. 
This is because the phase transition of evaporated copper 
films from amorphous to the preferred (111) orientation which 
resulted in the subsequent growth of high-quality graphene, 
as corroborated by XRD and electron backscatter diffraction. 
Notably, such phase transition of copper film was observed 
on technologically ubiquitous Si wafer with a standard amor-
phous thermal oxide. These studies uncovered the important 
role of H2 on the annealed Cu(111) film which contrasts with 
conventional foils, as monitored by time-of-flight secondary 
ion mass spectroscopy. Large-area Raman mapping proved 
high uniformity (>97% coverage) of monolayer graphene with 
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immeasurable defects (>95% defect-negligible) across the 
entire 100-mm wafer.

Wafer-scale transfer of CVD of graphene synthesized on 
Cu film is a critical technical detail determining the final 
quality of graphene for application. Conventional wet-transfer 
technique for small pieces has practical issues with large area 
samples, such as long process duration, nonuniformity, and 
contaminations of the graphene surface. Section 15.3.4 will 
demonstrate a combined etching transfer process that has been 
recently developed to preserve the clean surface and intrinsic 
electrical property of transferred monolayer graphene at the 
100-mm wafer scale. Fabricated graphene field-effect transis-
tors (GFETs) on both 100-mm wafer and polyimide plastic 
substrates achieved high mobilities.

15.2  CVD OF GRAPHENE ON HYDROGEN-
RICH EVAPORATED CU(111) FILM

15.2.1 Graphene SyntheSiS and CharaCterization

The synthesis procedure began with the electron-beam evapo-
ration of 0.5–1 µm copper film at 10−6 torr on a silicon wafer 
with ~300 nm thermal oxide. CVD of graphene on evaporated 
copper films was carried out in a low-pressure chamber. The 
typical synthesis process included a hydrogen annealing step, 
a growth step with ultrahigh purity methane only, and a two-
step cooling before unloading samples from the chamber. 
Specifically, the CVD process in this chapter was carried out 
in an Aixtron Nanoinstrument® BlackMagicTM (Figure 15.1) 
vertical cold-wall CVD chamber with independent control of 

temperature through showerhead and substrate heaters. The 
sample was initially heated to 600°C at a ramp rate of 200°C/
min, and subsequently to the desired temperature for anneal-
ing and reduction of the copper surface at a ramp rate of 50°C/
min. This annealing step was done in a hydrogen environment 
for 5 min at the same temperature as the subsequent growth 
step. Ultrahigh purity methane (99.999% from Matheson®) 
with typical flow rates of 5–10 sccm was circulated for 5 min 
for graphene synthesis. After growth, the chamber was cooled 
from the growth temperature to 550°C at a rate of 50°C/min 
in a gas-free chamber. The heaters were then turned off and 
cooling continued with 500 sccm of flowing N2 gas. Samples 
were removed from the CVD chamber at temperatures below 
180°C. In each batch of CVD, e-beam evaporated copper film 
and commercial copper foil (Alfa Aesar® Stock# 13382) were 
present for the comparison of growth results.

Renishaw® inVia Raman microscope with He-Cd blue laser 
(442 nm wavelength) was employed for the Raman spectros-
copy of graphene samples. A Zeiss® Neon 40 scanning elec-
tron microscope (SEM) and Veeco® tapping-mode atomic 
force microscope (AFM) were used for morphology and sur-
face analysis. Electron back scattering diffraction was per-
formed on an EDAX/TSL OIM® collection system attached 
to the aforementioned SEM and analyzed with MATLAB® for 
the digitized inverse pole figure. XRD was performed on a 
Philips® X’Pert Pro x-ray system, and depth profiling of hydro-
gen was carried out on an IONTOF® GmbH time-of-flight sec-
ondary ion mass spectroscope with 1 nm depth resolution.

15.2.2 Cvd oF Graphene on Cu Film verSuS Cu FoilS

Grown samples were first characterized with a Renishaw® 
inVia Raman microscope using a 442 nm blue laser. The 
blue laser has the advantage of accessing graphene vibra-
tions directly on the copper substrate without the strong back-
ground signal seen with the frequently used green laser [36]. 
A typical Raman spectrum of graphene synthesized on an 
evaporated copper film is shown in Figure 15.2a. The width of 
the 2D-peak is ~26 cm−1, the I2D/IG ratio is ~3, and there is no 
measurable D-peak indicating the successful growth of high-
quality monolayer graphene on evaporated copper film at 
975°C. The optical microscope image (Figure 15.2b) showed 
uniform graphene film after transfer to standard SiO2/Si sub-
strate (Figure 15.3). Dash lines and arrows were added for 
signifying the boundaries among domains. The uniformity 
of synthesized graphene was further confirmed with Raman 
mapping data of the 2D-peak and G-peak shown in Figure 
15.2c and d. Intensity ratio map of the D/G (Figure 15.2e) 
yields no measurable D-peak (<0.1) in approximately 95% 
of the scanned area. Pristine monolayer graphene with neg-
ligible defect density is of great importance for device appli-
cations. For example, the sheet resistance of graphene with 
substantial defects can be more than four times higher than 
graphene with negligible defects (Figure 15.4a and b), symp-
tomatic of a lower mean free path for charge carriers. Flexible 
field-effect transistor (FETs) made from the synthesized gra-
phene showed peak mobility of ~4900 cm2/Vs (Figure 15.4c).FIGURE 15.1 Aixtron Nanoinstruments® BM Pro CVD System.



250 Graphene Science Handbook

15.2.3  eFFeCt oF hydroGen-enriChed Cu Film 
on Graphene quality

In order to elucidate the mechanisms responsible for high-
quality graphene on copper films, detailed material investiga-
tion and growth experiments proved insightful. First, at lower 

growth temperatures (875–900°C), monolayer graphene with 
negligible defects was obtained on evaporated copper film, 
which has not been achieved on copper foils under the same 
conditions (Figure 15.5). With increasing copper film thick-
ness, the minimum temperature needed to obtain monolayer 
graphene also raises proportionally (Figure 15.6). Second, 
hydrogen is detrimental to the growth of high-quality gra-
phene on evaporated copper film, whereas it has previously 
been reported as a beneficial cocatalyst for growth on copper 
foils [22,39]. With a decreasing hydrogen to methane ratio, the 
D-peak of the synthesized graphene reduces and is eventu-
ally not measureable in a hydrogen-free methane environment 
indicating negligible defects (Figure 15.7a). For conventional 
growth on copper foils under the same conditions, a notice-
able D-peak is still observed in the Raman spectrum even 
in the absence of hydrogen during growth (Figure 15.7b). 
In addition, the correlation between graphene and copper 
domains are noticeably different when comparing copper film 
and copper foil surfaces. The grain boundaries of the CVD 
of graphene show regions that appear to be commensurate 
with the grain boundaries of the underlying evaporated cop-
per film (Figure 15.8a through c). In the case of graphene on 
copper foils, the graphene domains mostly traverse the grain 
boundaries of the underlying copper (Figure 15.8d) which has 
also been observed in other studies [29,40,41]. This implies a 
possible approach to control the size of the graphene domains 
by controlling the size of the underlying copper grains, which 
is a function of process conditions including temperature and 
time (Figure 15.9).

The aforementioned observation suggests a significant dif-
ference in the growth process compared to atmospheric or 
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FIGURE 15.2 Low-pressure CVD of graphene on evaporated copper film at 975°C: (a) Raman spectroscopy with 442 nm laser indicating 
defect-negligible monolayer graphene examined directly on the copper surface. The FWHM of the 2D-peak is ~26 cm−1, I2D/IG ratio is ~3, 
and there is no measurable D-peak. (b) Optical image of the monolayer graphene transferred to SiO2/Si substrate. The boundaries among 
graphene domains are indicated by dash lines and arrows as a visual guide. (c)–(e) Raman mapping of graphene in a 200 × 200 µm2 area, 
indicating the uniform intensities of the 2D-peak, G-peak, and the (negligible ratio of) ID/IG intensity, respectively. (Reprinted with permis-
sion from Tao, L. et al., Synthesis of high quality monolayer graphene at reduced temperature on hydrogen-enriched evaporated copper(111) 
films. ACS Nano, 6(3): 2319–2325. Copyright 2012 American Chemical Society.)

FIGURE 15.3 AFM image of synthesized monolayer graphene 
after transfer to standard SiO2/Si substrate. The root mean square 
(RMS) roughness is 1–2 nm over a 10 × 10 µm2 scanned area. 
(Reprinted with permission from Tao, L. et  al., Synthesis of high 
quality monolayer graphene at reduced temperature on hydrogen-
enriched evaporated copper(111) films. ACS Nano, 6(3): 2319–2325. 
Copyright 2012 American Chemical Society.)
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FIGURE 15.4 (a) Raman spectra, (b) sheet resistance measurement of the CVD of graphene after transfer to SiO2/Si substrate, and 
(c) Id−Vg curve of a field-effect transistor fabricated on flexible substrate (inset, scale bar 50 µm) with our synthesized graphene as channel 
material (length: 4 µm, width 8 µm). (b) Showed that sheet resistance of graphene that had a significant D-peak was ~4.3 times higher than 
graphene that had a negligible D-peak. The sheet resistance (typically 1–2 kΩ/sq), and high-mobility values (electron and hole mobilities 
are 4900 cm2/Vs and 1100 cm2/Vs, respectively) of our synthesized graphene with negligible D-peak is comparable with reported values 
of high-quality monolayer graphene grown on copper foils. (Reprinted with permission from Tao, L. et al. Synthesis of high quality mono-
layer graphene at reduced temperature on hydrogen-enriched evaporated copper(111) films. ACS Nano, 6(3): 2319–2325. Copyright 2012 
American Chemical Society.)
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FIGURE 15.5 The effect of copper catalyst substrate on the 
growth of graphene. (a) Raman spectra (normalized to the 2D-peak 
for comparison) of graphene on 500 nm copper film and 25 µm cop-
per foil grown at 875°C, 10 sccm of CH4 for 5 min. The copper film 
growth has clear signatures of monolayer graphene while the copper 
foil has strong D- and G-peaks indicative of defective multilayers. 
Compared to high temperature (≥1000°C) methane CVD growth 
on conventional copper foils, growth of graphene can be performed 
at a reduced temperature <900°C on evaporated copper films. 
(Reprinted with permission from Tao, L. et  al., Synthesis of high 
quality monolayer graphene at reduced temperature on hydrogen-
enriched evaporated copper(111) films. ACS Nano, 6(3): 2319–2325. 
Copyright 2012 American Chemical Society.)
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FIGURE 15.6 The thickness dependence of the minimum temper-
ature for CVD growth of monolayer graphene (Raman signatures: 
FWHM of the 2D intensity ≤38 cm−1 and I2D/IG ≥2) using copper foil 
or film catalysts. The dash line is a visual guide. (Reprinted with 
permission from Tao, L. et al., Synthesis of high quality monolayer 
graphene at reduced temperature on hydrogen-enriched evaporated 
copper(111) films. ACS Nano, 6(3): 2319–2325. Copyright 2012 
American Chemical Society.)
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low-pressure CVD on copper foils [22,42]. Some preliminary 
studies were performed to identify and exclude some pos-
sible mechanisms behind these findings, though a complete 
understanding of the growth mechanism will likely require 
atomic resolution tools such as STM. Additional character-
ization of the copper film in comparison to copper foil was 
performed via AFM, XRD, EBSD, and time-of-flight second-
ary ion mass spectroscopy (TOF-SIMS). The first parameter 
investigated was the surface roughness between evaporated 
copper films and copper foils. Figure 15.10a shows that the 
root mean square (RMS) roughness of as-deposited copper 
film is 2–3 nm. After annealing, the RMS roughness of cop-
per film is approximately 2 nm locally (1 × 1 µm2) and 50 nm 
globally (50 × 50 µm2) as shown in Figure 15.10b. A similar 
topography was observed on copper foil which has an RMS 
 roughness ~50–100 nm globally (not shown). Hence, there 
is no sufficient difference in the overall surface topography 
of copper film and foil to explain the growth findings. The 
second parameter studied was the grain orientation of the 
polycrystalline copper surface. Initially, the copper foil is 
polycrystalline while the evaporated copper film is mostly 

amorphous (Figure 15.11a and c). After the CVD process, the 
dominant facet on copper foil is (200), equivalent by trans-
lational symmetry to (100). However, for the copper film, 
a dominant (111) orientation is observed from both XRD 
(Figure 15.11b) and EBSD characterization (Figures 15.11d 
and 15.12). As also shown in the AFM image in Figure 
15.11, the copper film undergoes a transformation from an 
“amorphous”-like film to a polycrystalline structure with 
the (111) hexagonal crystal orientation favoring the growth 
of high-quality graphene [29,41]. In the CVD of graphene on 
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FIGURE 15.7 Stacked Raman spectra showing the effect of 
hydrogen on the CVD growth of graphene on: (a) copper film and 
(b)  copper foil. All growth was performed at 975°C for 5 min, and 
Raman spectra were normalized to the intensity of 2D-peak before 
 stacking for illustrative purposes. Decreasing the hydrogen ratio 
results in a vanishing D-peak intensity on copper films, indicat-
ing defect-negligible graphene at zero hydrogen flow. However, 
this trend does not apply to the copper foil substrate in the same 
growth  conditions. (Reprinted with permission from Tao, L. et al., 
Synthesis of high quality monolayer graphene at reduced  temperature 
on  hydrogen-enriched evaporated copper(111) films. ACS Nano 6(3): 
2319–2325. Copyright 2012 American Chemical Society.)

FIGURE 15.8 The correlation between graphene grains and the 
underlying copper grains: (a–c) Boundaries (or wrinkles) of gra-
phene are commensurate with the grain boundaries of evaporated 
copper film from three separate samples. (d) Graphene domains tra-
verse the grain boundary of copper foil (dash lines added to illus-
trate the boundary of graphene domains). All samples are grown at 
975°C, 10 sccm methane with a growth time of 5 min for (a), (b), (d), 
and 1 min for (c). (Reprinted with permission from Tao, L. et  al., 
Synthesis of high quality monolayer graphene at reduced tempera-
ture on hydrogen-enriched evaporated copper(111) films. ACS Nano, 
6(3): 2319–2325. Copyright 2012 American Chemical Society.)

FIGURE 15.9 SEM images of evaporated copper film after 
annealing at 975°C in hydrogen for (a) 1 min and (b) 5 min. The 
average size of copper grain increased dramatically. (Reprinted with 
permission from Tao, L. et al., Synthesis of high quality monolayer 
graphene at reduced temperature on hydrogen-enriched evaporated 
copper(111) films. ACS Nano, 6(3): 2319–2325. Copyright 2012 
American Chemical Society.)



253Wafer-Scale Chemical Vapor Deposition of High-Quality Graphene on Evaporated Cu Film

copper foil, hydrogen serves as a cocatalyst and aids in the 
methane decomposition for the growth of graphene [22]. On 
the basis of published reports regarding the similarity of the 
adsorption kinetics of hydrogen on Cu(111) and (110) surfaces 
[43,44], and their higher reactivity compared to (200) surfaces 
[45], it is reasonable to expect higher hydrogen adsorption on 
(111) than (200) Cu facets under the same annealing condi-
tion. As a result, we surmise that a higher concentration of 
hydrogen is absorbed onto the Cu(111) facet during hydrogen 
annealing. Subsequently, this absorbed hydrogen can diffuse 
to the copper surface during the growth phase and promote 
the surface-based synthesis of monolayer graphene. The (pos-
tulated) more extensive hydrogen adsorption is supported by 
TOF-SIMS characterization which revealed hydrogen-enrich-
ment of the (111) copper film compared to (200) copper foil 
as shown in Figure 15.13. For this measurement, the annealed 
copper foil and evaporated copper film samples were heated 
together in the same batch and allowed to cool down to room 
temperature. For the copper foil sample (Figure 15.13a), there 
was no difference in the hydrogen content on the surface 
before and after annealing. However, after the same anneal-
ing process, a noticeable increase in hydrogen was observed 
on the copper film sample (Figure 15.13b), which can subse-
quently diffuse to the surface to facilitate graphene growth on 
copper films, eliminating the need for a hydrogen precursor 

FIGURE 15.10 Surface morphology of evaporated copper film 
on SiO2/Si substrates, (a) before and (b) after the CVD growth of 
 graphene at 975°C. Inset is a scan over a 50 × 50 µm2 area. The 
RMS roughness remains ~3 nm before and after the CVD pro-
cess locally (1 × 1 µm2 area), but increased to ~50 nm globally 
(50 × 50 µm2 area) which is similar to the surface roughness of 
copper foils ( typically 50–100 nm). As the images indicate, the 
evaporated copper film undergoes a phase transformation from 
“amorphous” to crystallized domains. This phase transformation 
plays an  important role in the growth mechanism of graphene syn-
thesis on  copper films. (Reprinted with permission from Tao, L. 
et  al., Synthesis of high  quality monolayer graphene at reduced 
temperature on hydrogen-enriched evaporated copper(111) films. 
ACS Nano, 6(3): 2319–2325. Copyright 2012 American Chemical 
Society.)
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FIGURE 15.11 Crystal orientation of copper foil and evaporated copper film before and after the synthesis of graphene investigated by 
XRD and electron back scattering diffraction (EBSD). It is evident that on copper foil, the dominant orientation is (200) as indicated by 
2θ ~ 50.5o in the XRD spectrum. For copper film, it has undergone crystallization from (c) “amorphous” (empty space represents no detect-
able orientation) to (d) a dominant Cu(111) facet after annealing and growth as denoted at 2θ ~43.3o in the XRD spectrum. The Cu anneal-
ing yields 96.58% (111) orientation (indicated by the area of the darkest contrast in the EBSD map). EBSD maps were digitized into (100), 
(101), (111), and no detectable orientation for better visualization. (Reprinted with permission from Tao, L. et al., Synthesis of high quality 
monolayer graphene at reduced temperature on hydrogen-enriched evaporated copper(111) films. ACS Nano, 6(3): 2319–2325. Copyright 
2012 American Chemical Society.)
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during the growth step. Moreover, any addition of hydrogen 
gas in the growth step results in defective graphene on copper 
films, which can be explained by excessive hydrogen resulting 
in the undesired etching of graphene [22,46], evidenced by a 
rise in the D-peak (Figures 15.7 and 15.14).

The commensurate growth of graphene on evaporated 
copper is facilitated by the close lattice match between hex-
agonal graphene (lattice constant 2.46 Å at 300°C) and hex-
agonal (111) Cu (lattice constant 2.56 Å at 300°C) [19,24]. 
SEM inspection of incomplete graphene monolayer synthe-
sis (Figure 15.8c), points to the nucleation of graphene on 
growing copper domains. Subsequently, graphene domains 
commensurately expand in size as the copper domains grow 
larger, reaching a domain size of ~20–40 µm for 5–10 min 
growth. Unlike prior CVD growth of graphene on hetero-
epitaxial cobalt, nickel, and ruthenium films on crystalline 
substrates [47–49], the Raman spectroscopy of samples pre-
sented here show much weaker or negligible D-peak intensity, 
indicating higher quality monolayer graphene. The results 
here are comparable, but with cost and scale advantages, to 
those achieved with epitaxial copper on expensive sapphire 
substrates [19]. Likewise, potential commensurate growth on 
copper films on scalable silicon substrates promises substan-
tial industrial advantages, compared to growth on expensive 

single-crystal Cu(111), Ni(111), Ru(0001), and Ir(111) metal 
substrates [19,24,30,50–54]. The Raman signatures of the 
observed graphene growth are compared to other reported 
CVD of graphene either on copper films (Table 15.1) or vari-
ous catalyst substrates [19,24,30,37,38,47–54,59,60].

Our investigation demonstrates that monolayer graphene 
can be grown on evaporated copper films over a wide tem-
perature range (875–975°C) with negligible defects in a 
hydrogen-free methane precursor. In addition, some of the 
graphene grains appear to be correlated with the copper 
grains, affording a potential pathway for increasing the gra-
phene domains via control of the copper grain size. Moreover, 
evaporated copper film, compared to expensive single crystal 
metal catalysts, is a promising avenue for graphene synthesis 
that can be directly integrated into standard device manu-
facturing in a cost-effective and scalable manner. Our find-
ings also raised fundamental questions about differences in 
the CVD growth of graphene on copper film versus foil. The 
high-quality monolayer graphene obtained in this work was 
likely enabled by the distinct properties of hydrogen-rich (111) 
copper films as indicated by XRD and TOF-SIMS. Future 
systematic studies on the growth characteristics of graphene 
on copper films are expected to enable further improvement 
in monolayer quality and grain size.

FIGURE 15.12 Electron back scattering diffraction images of copper foil (a) before and (b) after the graphene growth as well as evaporated 
copper film (c) before and (d) after the graphene growth. The inverse pole plots were directly generated from raw data, indicating a transition 
from amorphous (empty space represents no detectable orientation) to a dominant Cu (111) film after growth. Image (c) and (d) are raw data, 
from which Figure 15.11c and d were digitized into (100), (101), (111) and no detectable orientation. (Reprinted with permission from Tao, 
L. et al., Synthesis of high quality monolayer graphene at reduced temperature on hydrogen-enriched evaporated copper (111) films. ACS 
Nano, 6(3): 2319–2325. Copyright 2012, American Chemical Society.)
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15.3  WAFER-SCALE CVD OF GRAPHENE 
ON EVAPORATED CU(111) FILM

15.3.1  From Centimeter pieCeS to waFer-
SCale SyntheSiS oF Graphene

The saturated hydrogen annealing step before the growth of 
graphene was found to be critical for achieving the results 
reported in our previous work, as discussed further below. 
There are a few key changes made in the growth configura-
tion and parameters to obtain uniform high-quality graphene 
shown in our previous result on centimeter square pieces to 
100-mm wafers. First, the temperature control was switched 
from pyrometer feedback for small pieces to thermocouple 
feedback for wafer-scale samples, giving better real-time 
and accurate control of the growth temperature. Second, the 
ramping rate of the top heater was recalibrated to match the 
bottom heater in order to maintain uniform and stable tem-
perature across 100-mm wafers. The two improvements high-
lighted above address the accuracy, stability, and uniformity 
of temperature that are crucial for the high quality of synthe-
sized graphene.

There is another important change from our previous 
published work dealing with centimeter square pieces to 
100-mm wafers, the growth configuration and parameters 
(Figure 15.15) [55] have to be reoptimized to obtain the same 
uniform and high-quality graphene. Due to different size and 
shape of samples leading to varied heat dissipation that affects 
the surrounding temperature gradient, the temperature con-
trols are crucial for the uniform quality of wafer-scale gra-
phene growth. The increase of sample size also increases the 
mass loss rate of Cu film under high temperature and vacuum. 
As a result, the thickness of Cu film for the wafer-scale sam-
ple has to be doubled or tripled from small pieces to prevent 
depletion of the Cu film before graphene growth. The effect of 
other growth parameters, such as “pulse supply” of the carbo-
naceous precursor instead of constant feeding (Figure 15.16) 
and varied cooling rates, were explored to control the quality 
of the graphene synthesized.

The typical synthesis process in this study, as depicted in 
Figure 15.17, included a saturated hydrogen annealing step, 
growth step with ultrahigh purity methane only, and a two-
step cooling before unloading samples from a vertical cold-
wall chamber with separate showerhead and substrate heaters 
as mentioned before in Section 15.2. Similarly, the synthe-
sis procedure began from the electron-beam evaporation 
of 1–1.5 µm copper (Plasmaterial®, 99.99% pellets) film at 
10−6 torr on a 300 nm SiO2/Si wafer. An evaporated copper 
film sample was loaded with a quartz cap a few mm above 
(Figure  15.15) and annealed under a hydrogen-saturated 
environment at a typical temperature of 975°C for 5 min. 
Immediately after the annealing step, hydrogen was purged 
from the chamber and ultrahigh purity methane with typi-
cal flow rates of 5–10 sccm was circulated for 5 min for gra-
phene synthesis. After growth, the chamber was cooled from 
the growth temperature to 550°C at a rate of 50°C/min in a 
gas-free environment. The heaters were then turned off and 
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FIGURE 15.13 Time-of-flight secondary ion mass spectroscopy: 
depth profile of hydrogen on the surfaces of: (a) copper foil, and 
(b) evaporated copper film before and after annealing at 975°C, 
1000 sccm H2 for 5 min. There is a noticeable increase of hydro-
gen content on the surface of annealed copper film, whereas no dif-
ference is observed on copper foil. This observation supports the 
hypothesis that absorbed hydrogen in the copper film can facilitate 
the decomposition of methane for the growth of high-quality gra-
phene without the need for hydrogen gas in the methane precursor. 
(Reprinted with permission from Tao, L. et  al., Synthesis of high 
quality monolayer graphene at reduced temperature on hydrogen-
enriched evaporated copper(111) films. ACS Nano, 6(3): 2319–2325. 
Copyright 2012 American Chemical Society.)
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FIGURE 15.14 Raman spectra of graphene grown on (a) 99.8% 
copper foil and (b) evaporated copper film under the same condi-
tion at 1000°C with 35 sccm CH4 and 5 sccm H2 circulations for 
5 min. This condition yields high-quality monolayer graphene on 
copper foil (solid line), while a significant D-peak is observed on 
the copper film substrate grown in the same batch. (Reprinted with 
permission from Tao, L. et al., Synthesis of high quality monolayer 
graphene at reduced temperature on hydrogen-enriched evaporated 
copper(111) films. ACS Nano, 6(3): 2319–2325. Copyright 2012 
American Chemical Society.)
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cooling continued with 500 sccm of N2 gas. The samples were 
retrieved from the chamber at temperatures below 120°C.

15.3.2 raman metroloGy For larGe-area Graphene

Raman spectroscopy has been used for unambiguous, high-
throughput, nondestructive identification of graphene layers 
and quality since 2006 [37]. Graphene, depending on the num-
ber of layers, has distinct phonon vibrations that make layer 
identification possible. The Raman fingerprint of graphene 
monolayer present a sharp 2D-peak (FWHM2D 25–35 cm−1) at 
~2700 cm−1, a G-peak at ~1580 cm−1, a defect peak (D-peak) 
at ~1350 cm−1, and a 2D/G ratio of 2–4× [37,61,62]. As epi-
taxial growth and CVD of graphene is further developed, par-
ticularly over wafer-scale areas, Raman spectroscopy is one 
of the key tools for graphene growth quality characterization 
and there is a need for a universal methodology for the pro-
cessing and analysis of graphene Raman mapping data. It is of 
great importance to establish a well-defined, universal proce-
dure for metrology systems to advance graphene commercial 
adoption and applications.

In this section, an automated data processing program for 
analysis of Raman spectroscopy, graphene Raman imaging 
and spectroscopy processing (GRISP) will be described for 
user-friendly data analysis of Raman mapping data on gra-
phene [63]. GRISP is capable of providing accurate statistical 
data on key features of the Raman spectrum of graphene over 
large areas, namely 2D, G, and D-peak intensity and intensity 
ratios between 2D to G (I2D/IG) and D to G (ID/IG) as well as full 
width at half-maximum of the 2D-peak (FWHM2D). GRISP 
performs data and noise separation, baseline removal, and 
curve fitting of the spectrum taken by Raman spectroscopy 
with flexible choice between processing time (rapid analysis) 
and accuracy (detailed analysis). Processed data are mapped 
in 2D images for each key feature of the Raman spectrum of 
graphene. From these images, growth quality and uniformity 
can be easily visualized, and exported in variable formats for 
further analysis, communication, and publication. The mean 
value, variance, histogram, and distribution analysis are auto-
matically extracted from each map. GRISP takes raw data 
(binary or text format) as input and can be directly accessed 

TABLE 15.1
Comparison of Raman Signatures of Graphene Prepared by Various Methods

Methods References Catalyst FWHM2D (cm−1) i2D /iG iD /iG

CVD [36,55] Evaporated Cu(111) film 25–35 2–5 0–0.2

[16–18,20] Deposited Cu film 30–36 2–4 0.2–0.4

[7–9,22,29,56,57] Cu foils 27–36 2–4 0.1–0.2

[10,47,48,50,54,58] Ni or Co 30–40 0.3~3.3 0.08–0.5

Epitaxial deposition [19,24,30] Single crystal Cu(111) 30–40 1.5–2.5 0.05–1

[59,60] SiC 37–50 ~1 0.5–1

[49,51–53] Single crystal Ru or Ir 42~46 ~1 0.3–0.4

Exfoliation [37,38] N/A 25–30 ~4 <0.1

ShowerheadShowerhead heater

Bottom heater

Gas flow
of precursor

Bottom dome

IR thermometer

Quartz plate cap

Cu film + SiO2/Si

FIGURE 15.15 The chamber configuration for this study: a quartz 
plate cap was placed on top of evaporated Cu film on SiO2 on 100-
mm wafer. There are two functions for this quartz plate cap: (1) har-
vest the evaporated Cu to minimize the contamination of chamber 
and (2) reduce the actual flow rate of precursor gas (dashed arrows) 
that arrives at the surface of the sample. The “captured” sample and 
reduced flow rate of carbonaceous precursor could result in large 
domain of graphene with fewer defects sharing the similar mecha-
nism of “pocket growth.” (Reprinted with permission from Tao, L. 
et al., Uniform wafer-scale chemical vapor deposition of graphene 
on evaporated Cu(111) film with quality comparable to exfoliated 
monolayer. J. Phys. Chem. C, 116(45): 24068–24074. Copyright 
2012 American Chemical Society.)

1200 1700

(b)(a)

2200 2700
Raman shift (cm–1)Time

CH4

In
te

ns
ity

 (a
.u

.)

Fl
ow

 ra
te

FIGURE 15.16 The “pulsed supply” of the precursor, that is, CH4 
(blue dash) here gave similar result compared to a standard recipe 
with continuous gas flow (purple solid line). There is a blue shift of 
the 2D-peak and slightly noticeable D-peak intensity on the Raman 
spectrum from “pulsed” growth. (Reprinted with permission from 
Tao, L. et  al., Uniform wafer-scale chemical vapor deposition of 
graphene on evaporated Cu(111) film with quality comparable to 
exfoliated monolayer. J. Phys. Chem. C, 116(45): 24068–24074. 
Copyright 2012 American Chemical Society.)
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from the nanHUB platform (http://nanohub.org/resources/
grisp), thus making it a universal tool that is independent of 
the Raman spectroscopy apparatus.

As a general guide, the rest of this section will illustrate 
the easy use of GRISP for Raman mapping characterization 
of synthesized large area graphene. Typical Raman mapping 
was performed over an area of 200 × 200 or 300 × 300 µm2 
with the step size varied from 2 to10 µm, and Raman spec-
trum was collected on each “pixel” after 1–3 s exposure of 
the blue laser at a power of 8 mW. The raw Raman mapping 
data was converted into a text format file that can be loaded 
for processing in the GRISP software, which would gener-
ate derivative data and plots of various Raman signatures for 
identifying the quality of graphene.

After collecting raw data of Raman mapping, data pro-
cessing is performed to give the most accurate statistical data. 
For this matter, GRISP is capable of removing the baseline, 

usually induced from the underlying substrate such as the 
copper film catalyst. As often used, a median filter is applied 
with a window size equal to the lower and upper bound of 
the 2D region. This excludes every peak including the 2D- 
and the G-peaks, leaving off only the baseline (Figure 15.18a, 
black line) which is then subtracted from the original raw data 
(Figure 15.18b). For best accuracy, GRISP is capable of doing 
curve fitting. Each collected spectrum is first smoothed with 
a 5-points moving average filter (Figure 15.19). After this 
is done, the 2D-, G-, and D-peaks are fitted independently. 
For the 2D-peak, a nonlinear least mean square Lorentzian 
function is used (Figure 15.20). Since a nonlinear fit requires 
recursion to converge to a solution, the speed required can be 
excessive. In addition, for very noisy data, the process might 
not converge. This could lead to division by zero when divid-
ing by the G-peak. Therefore, to achieve accurate results and 
avoid convergence problems, GRISP fits the G- and D-peaks 
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FIGURE 15.17 Process flow of CVD of graphene on evaporated Cu(111) film. (Reprinted with permission from Tao, L. et al., Uniform 
wafer-scale chemical vapor deposition of graphene on evaporated Cu(111) film with quality comparable to exfoliated monolayer. J. Phys. 
Chem. C, 116(45): 24068–24074. Copyright 2012, American Chemical Society.)

1500 2000 2500
Raman shift (cm–1)

Co
un

ts
 (a

.u
.)

1500

80

60

40

20

0

Co
un

ts
 (a

.u
.)

80(a) (b)

60

40

20

0
2000 2500

Raman shift (cm–1)

FIGURE 15.18 Raman Spectrum (a) before baseline removal, (black line) baseline taken with the median filter, (b) with the baseline 
removed. (Reprinted with permission from Babenco, M.G., L. Tao, and D. Akinwande. Graphene Raman imaging and spectroscopy pro-
cessing: characterization of graphene growth. In SPIE. Copyright 2012, SPIE.)
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using a 6-degree polynomial linear least square. From this, 
the maximum value and the FWHM is extracted and used to 
construct the Lorentzian function, described by
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where the maximum value is equal to
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(15.2)

and the FWHM is Γ [63]. With this method, the overall preci-
sion is traded in order to obtain a robust solution.

GRISP provide three options for baseline subtraction 
and curve fitting: (i) fast mode (no baseline subtraction), (ii) 
medium mode (subtracting an assumed common baseline for 
all spectra), and (iii) detailed mode (baseline subtraction for 
each spectrum individually), which meet the various needs in 
the balance between processing time and accuracy. Once the 
Raman data is processed, the key features of the Raman spec-
trum for graphene identification, namely 2D to G, D to G, 
FWHM, and the individual intensity of each peak is mapped 
and statistics important for assessing the growth quality and 
uniformity can be obtained. The spatial distribution of gra-
phene growth is presented on an image of the mapped data 
(Figure 15.21a and c). Imaging properties such as color bar 
settings and imaging interpolation can be applied for direct 
publication. It is very important for graphene growth quantifi-
cation to know the statistical distribution of the aforementioned 
Raman signatures. GRISP gives the intensity average and dis-
persion, as well as a distribution histogram (Figure 15.21b and 

d) and a table in which the percentage area over an intensity 
range is specified (Table 15.2) that can be exported to third 
party software, for example, Microsoft® Excel, Origin®, or 
MATLAB, for further analysis or plotting. In next section, 
Raman characteristics of graphene grown on a 100-mm wafer 
scale using GRISP will be demonstrated, showing its capabil-
ity and durability to handle large-size Raman mapping data 
(over 100 MB).

GRISP has a user-friendly interface, which will be briefly 
gone through here. The program starts showing the presenta-
tion screen (Figure 15.22). The raw .txt data file is uploaded 
by clicking the “Load Data” button, which will be direct to 
the parameter settings screen (Figure 15.23). Each lower and 
upper bound of the 2D, G, and D region can be set individu-
ally. GRISP can calculate each peak by getting the maximum 
value or integrating over the selected ranges. Also baseline 
subtraction and curve fitting can be selected within these three 
options: (i) fast mode (no baseline subtraction), (ii) medium 
mode (subtracting an assumed common baseline for all spec-
tra), and (iii) detailed mode (baseline subtraction for each 
spectrum individually), which meet the various needs in the 
balance between processing time and accuracy. Each data 
point can be display with or without data processing by select-
ing “see data with smoothing.” Figure 15.24 shows the final 
result of the data processing.

Different images and histograms can be displayed by 
choosing them from the “Select Image” panel. Mean and vari-
ance is presented on top of the image and the statistical data 
table appears on the right. Although Raman characterization 
had been widely employed for graphene research, it is yet to 
be adapted in providing a unified platform to directly com-
pare or exchange Raman characteristics derived from various 
Raman spectroscopies with data in different formats. As a 
promising candidate to satisfy such demand, GRISP is a tool-
independent, universal, and versatile data processing platform 
for accurate and efficient extraction of statistical Raman sig-
natures for graphene characterization using a nondestruc-
tive measuring method. This would benefit researchers in 
 graphene synthesis by monitoring and feedback control of 
growth quality as well as scientists and engineers who are pur-
suing metrology and large-area graphene-based applications.

Using GRISP, CVD of graphene over 100-mm wafer has 
been recently demonstrated [55]. Raman spectra from five 
spot-locations over a 100-mm diameter wafer as denoted 
in Figure 15.25a (B for bottom, C for center, L for left, 
R for right, and T for top, respectively) are presented in 
Figure  15.25b. The average FWHM2D in Figure 15.25b is 
~28 cm−1, with I2D/IG ~3, and no measurable D-peak signi-
fying the successful growth of high-quality monolayer gra-
phene. To verify the uniformity of the synthesized graphene, 
Raman maps across 200 × 200 µm2 areas were obtained 
with each centered on the locations (B, R, L, and T) men-
tioned above, and evaluated as I2D/IG and ID/IG ratio maps 
in Figure 15.25d, respectively. It is worth noting here that 
the rainbow scale for Raman maps shown here is for more 
vivid visualization. The uniformity of these signatures can 
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FIGURE 15.20 Lorentzian fitting of 2D-peak from Raman 
 spectrum of graphene (the original data are plotted in dots and the 
solid curve is the best Lorentzian fit). (Reprinted with permission 
from Babenco, M.G., L. Tao, and D. Akinwande. Graphene Raman 
imaging and spectroscopy processing: characterization of graphene 
growth. In SPIE. Copyright 2012, SPIE.)
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be more accurately judged from statistical data such as his-
tograms that more precisely quantify the growth uniformity. 
For instance, the histogram data in Figure 15.25e and f indi-
cate average values of 3.2 ± 0.19 for I2D/IG and that >95% of 
the scanned area has ID/IG <0.2. Based on the statistical data 
from Raman mapping data, monolayer graphene has been 
achieved on a 100-mm wafer scale with negligible or no mea-
surable defects. The Raman growth results here are of higher 
quality in terms of the ID/IG and FWHM2D, and also offer 
cost and scale advantages, compared to those achieved with 
epitaxial copper on expensive non-Si substrates [19,24,30]. 
Raman signatures of the graphene in this work are compara-
ble, if not better than, to those graphene obtained by various 
methods on small samples as seen in Table 15.1, and superior 
to the quality of previously reported wafer-scale  graphene 
[16–18,25–28].

15.3.3  Growth meChaniSm oF Cvd oF 
Graphene on evaporated Cu Film

To study graphene growth, material characterization tech-
niques such as EBSD, XRD, AFM, and TEM were used. 
EBSD was performed on an EDAX/TSL OIM collection sys-
tem attached to a Zeiss® Neon 40 scanning electron micro-
scope and analyzed with MATLAB for the digitized inversed 
pole figure. XRD was performed on a Philips® X’Pert Pro 
x-ray system. Veeco® tapping-mode AFM was used for step 
analysis. A TECNAI® G2 F20 X-TWIN transmission electron 
microscope was used for the cross-sectional image of trans-
ferred graphene sandwiched between SiO2/Si and epoxy.

The successful synthesis of uniform monolayer graphene 
with negligible disorder depends on using a hydrogen-enriched 
evaporated Cu(111) film as first report in our previous study 
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[36]. A high percentage (over 96.8% in a 1 × 1 mm2 area) 
for a Cu(111) orientation was observed by EBSD mapping 
(Figure 15.26a) after annealing and then graphene synthesis. 
This distinguishes the evaporated copper film reported here 
from conventional copper foils, which show a Cu(100) ori-
entation as the dominant facet after the same CVD process 
[36]. XRD data in Figure 15.26b further indicates that this 
dominant (111) orientation is formed immediately after the 
hydrogen annealing step and before the growth of graphene. 

TABLE 15.2
Statistic Data of i2D/iG and iD/iG Exported from 
GRISP Software

i2D/iG Percentile (%) iD/iG Percentile (%)

1.89–2.02 2.84 0.0017–0.0093 4.12

2.02–2.15 4.03 0.0093–0.0168 5.82

2.15–2.28 5.04 0.0168–0.0244 6.09

2.28–2.42 5.28 0.0244–0.0319 7.91

2.42–2.55 6.24 0.0319–0.0395 8.63

2.55–2.68 8.18 0.0395–0.0470 7.70

2.68–2.81 7.28 0.0470–0.0546 8.45

2.81–2.94 7.91 0.05–0.06 7.07

2.94–3.07 6.90 0.06–0.07 7.28

3.07–3.20 7.19 0.07–0.08 5.43

3.20–3.33 6.87 0.08–0.08 6.00

3.33–3.46 6.06 0.08–0.09 4.96

3.46–3.59 4.72 0.09–0.10 4.15

3.59–3.72 5.28 0.10–0.11 3.55

3.72–3.86 4.06 0.11–0.11 3.19

3.86–3.99 3.76 0.11–0.12 2.42

3.99–4.12 2.69 0.12–0.13 2.33

4.12–4.25 2.33 0.13–0.14 1.40

4.25–4.38 1.85 0.14–0.15 1.70

4.38–4.51 1.49 0.15–0.16 1.79

FIGURE 15.22 Presentation screen of GRISP software. (Reprinted 
with permission from Babenco, M.G., L. Tao, and D. Akinwande. 
Graphene Raman imaging and spectroscopy processing: character-
ization of graphene growth. In SPIE Copyright 2012, SPIE.)

FIGURE 15.23 Parameter setting screen. It can be chosen the 
2D, G, and D region, peak calculation method and calculation 
performance. (Reprinted with permission from Babenco, M.G., L. 
Tao, and D. Akinwande. Graphene Raman imaging and spectros-
copy processing: characterization of graphene growth. In SPIE. 
Copyright 2012, SPIE.)

FIGURE 15.24 Imaging screen showing the intensity ratio and 
histogram of the D/G-peaks. (Reprinted with permission from 
Babenco, M.G., L. Tao, and D. Akinwande. Graphene Raman imag-
ing and spectroscopy processing: characterization of graphene 
growth. In SPIE. Copyright 2012, SPIE.)
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Cu(111) surface offers some advantages for growing high-
quality graphene relative to other facets as also observed in 
other reports [19,29,30,41]. A microscopic route for graphene 
growth on copper catalytic surface includes: (i) adsorption 
of precursor such as CH4 and its decomposition into carbon 
monomer/dimer [64–66], (ii) the diffusion of carbon mono-
mers/dimers leading to the formation of clusters [65,66], and 
(iii) the attachment (growth) or detachment (etching) of car-
bon at the edge of existing cluster/nuclei. First, the adsorption 
energy for the initial steps of decomposing CH4 on Cu(111) is 
lower than other facets [64,65]. Second, the diffusion rate of a 
carbon monomer/dimer on Cu(111) is higher than other facets 
like Cu(100) [29,65]. In addition, the Cu(111) surface offers 
less nuclei density and a faster growth rate [66] for graphene 

grains than other crystal facets, which altogether could yield 
large graphene domains under the conditions reported here 
and even at temperatures ≤900°C [36].

The negligible or weak D-peak intensity in the Raman 
spectroscopy of graphene grown on Cu(111) film is likely 
due to fewer defects. It has been previously reported that the 
root causes of defects monitored by the D-peak in the Raman 
spectroscopy of otherwise clean graphene can be attributed to 
two kinds of imperfections that break translational symmetry: 
(i) graphene domains or grain boundaries with mixed zig-zag 
(ZZ) and arm-chair (AC) edges [67–69] and/or (ii) the bound-
ary between graphene and imperfect catalytic surface or 
underlying substrate [29,41,70]. The recent density  functional 
theory (DFT) modeling of the Cu(111) surface suggested that 
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the dominant growing edge of graphene should be in the ZZ 
direction [71–73]. The absence of AC edges was considered 
to be because of their rapid passivation by copper atoms [73]. 
Graphene domains terminated by ZZ edges show no or negli-
gible D-peak in the Raman spectra, whereas grain boundar-
ies with combined AC and ZZ edges will induce a significant 
D-peak intensity [68]. For this reason, the polycrystalline gra-
phene on evaporated copper film observed in this work should 
have an infinitesimal portion of AC edges based on the negli-
gible D-peak observed in the Raman spectroscopy. From the 
growth kinetics point of view, there is a reason that a lower 
defect level could be obtained on the Cu film as threefold and 
sixfold symmetry growth fronts are usually observed. Both 
these shapes could form a seamless match with the hexagonal 
lattice compared to two- or fourfold observed elsewhere, lead-
ing to less structural defects. Sixfold edges has been reported 
to be most likely ZZ terminated [69], which yields less defects 
as aforementioned and also agrees with our observation in 
this study.

Another important synthesis feature is the role of H2 on 
the annealed Cu(111) film which contrasts with conventional 
foils. Owing to the higher adsorption of hydrogen on Cu(111) 

than on other crystal orientations [43–45], a significant 
amount of hydrogen can adsorb and diffuse into the Cu(111) 
film during hydrogen saturation annealing [36]. The absorbed 
hydrogen can subsequently diffuse to the film surface to serve 
as a cocatalyst for monolayer graphene growth [22], thereby 
eliminating the need for a gas-phase H2 precursor during 
the growth step, which can result in graphene etching with a 
noticeable D-peak [36,74]. On the other hand, the presence of 
hydrogen during the growth process likely contributes to an 
increase in the average copper grain size owing to increased 
surface mobility. For instance, the average grain size of 
~15–20 µm obtained without H2 can further be increased to 
20–25 µm with an H2 precursor during growth as shown in 
Figure 15.26c and d.

15.3.4 waFer-SCale Graphene tranSFer

Samples with a graphene monolayer synthesized on copper 
film using the route reported here, albeit on a limited size 
scale (~5 × 7.6 cm2, Figure 15.27a), have been transferred to 
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various substrates such as SiO2/Si, quartz, and flexible poly-
imide sheets via a wet-etching procedure. The graphene on 
copper film was spun coated with 200 nm poly-methyl meth-
acrylate (PMMA) first and dried in vacuum (30 mbar) for 
8 hrs. Copper film provides a smoother surface than foil, thus 
decreasing roughness induced wrinkles during transfer/mul-
tilayer stacking of graphene film. The PMMA/graphene/Cu 
was then released from the SiO2/Si substrate after wet etching 
of SiO2 in a mixture of ammonium persulfate (APS) solution 
and buffered oxide etchant (BOE, 6:1) to etch the copper fol-
lowed by deionized water cleaning. In an initial trial of this 
wafer-scale transfer procedure, the PMMA/graphene/Cu film 
stack was first released from the SiO2/Si wafer through SiO2 
etching. Then, the film stack was floated on the etchant solu-
tion with the entire reverse of the Cu film exposed. However, 
the etching time of 285 nm SiO2 is too long (24–48 h) due to 
only side-wall access for etching. The combined etchant was 
found to be the most time-efficient way taking only 1–2 h(s) to 
release the PMMA/graphene film stack.

Then, a rinse in deionized water (DIW) was repeated for 
five more cycles. The floating PMMA/graphene film was 
then transferred onto the target substrate and vacuum dried 
(30 mbar). At the final step of the transfer process, the PMMA 
was dissolved away in a 50°C acetone bath for ~30 min with-
out the posttransfer baking step that alleviate residues of 
PMMA on the graphene surface (Figure 15.27b) commonly 
reported in the literature [75,76]. Figure 15.27c shows an opti-
cal image (scope size of 0.5 × 0.5 mm2 limited by the lens) 
of clean graphene that has been transferred onto a standard 
300-nm thick SiO2/Si with our two-step transfer process. 

A typical thickness of the graphene layer is ~0.6 nm mea-
sured by AFM. The histogram of the FWHM of the Raman 
2D-peak (Figure  15.27d) indicates the transferred film is 
monolayer graphene which agrees with the aforementioned 
Raman characteristics. The STM image of graphene on the 
copper film prior to the transfer (Figure 15.28a) and high reso-
lution cross-sectional TEM image of the transferred graphene 
(Figure 15.28b) further confirm that the graphene film was 
monolayer throughout the whole process. A current challenge 
with PMMA-assisted transfer is the undesired polymer resi-
due that remains on the graphene surface even after solvent 
cleaning and thermal baking [76]. Addressing this challenge 
is a future scientific task.

In summary, CVD of high-quality monolayer graphene 
on copper film evaporated onto 100-mm SiO2/Si wafers has 
been demonstrated. Analytical results derived from Raman 
mapping data across the wafer via GRISP suggest uniform 
graphene with negligible defects. STM, cross-sectional TEM, 
and AFM measurement further confirm high-quality mono-
layer graphene. The high-quality uniform wafer-scale mono-
layer synthesized in this study is a consequence of unique 
 hydrogen-rich annealed Cu(111) films as corroborated by 
EBSD and XRD. A two-step etching-based transfer of the gra-
phene film is realized and high-quality monolayer character of 
the graphene is intact after the transfer process. Compared to 
conventional copper foils, this approach has the potential for 
direct integration with standard CMOS processes either using 
a transfer-free process [16] or by direct bonding to a target 
substrate which is currently a matter of further research. The 
quality of the synthesized graphene on copper film achieved 
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in this work exceeds that from epitaxial copper substrates 
and is comparable to exfoliated graphene but with scalability 
beyond the reach of exfoliation methods.

15.4 CVD OF GRAPHENE-ENABLED FETs

High-quality graphene monolayer on copper film was also 
transferred to polyimide plastic sheets [77], using the two-
step etching wet-transfer, for the fabrication of flexible GFET. 
The device fabrication followed the procedure below. The 
embedded gate was prepatterned on polyimide sheets by 
e-beam lithography (EBL) on PMMA, and metal lift-off of 
(5 nm Ti plus 45 nm Pd or Au), followed by atomic deposi-
tion of 15 nm Al2O3 as gate dielectrics. After the transfer of 
graphene onto prepatterned polyimide substrate, the chan-
nel region was defined with EBL followed by oxygen plasma 
etching at 50 W, 200 mtorr for 50 s. At the end, the source and 
drain contacts were formed by EBL and metal lift-off with 
5 nm Ti plus 45 nm Pd to complete the device fabrication. All 
EBL work here were performed on a JEOL® 6000 e-beam 
machine at 50 kV on 200 nm thick PMMA that is coated with 
conductive polymer E-SPACER® 300Z.

Electrical characterization of the embedded-gate GFETs 
was performed at ambient condition on a Cascade® probe 
station with an Agilent® B1500 semiconductor device ana-
lyzer, and exhibited the typical V-shape profile in the Id– Vg 
(Figure  15.28c). The hole mobility varied within 50% 
of 2000 cm2/Vs for an order of magnitude length scale. 
Increased mobility for electrons was generally observed with 
a shorter channel (Figure 15.28d), indicative of less scattering 
of the charge carriers. A peak mobility of ~4900 cm2/Vs was 
obtained at room temperature and pressure as in our previous 
report [77], which is 5–10 times larger than previously reported 
values for GFETs fabricated directly on flexible substrates 
[78,79]. This relatively high field-effect mobility at ambient 
conditions arise from the two aforementioned aspects: (1) 
higher quality synthesized graphene and (2) improved trans-
fer process providing a cleaner interface between graphene 
and metal or dielectrics. A relatively modest Dirac voltage 
in Figures 15.28c also suggests weak impurity doping of the 
transferred graphene from polymer residue. A thick residue 
of PMMA will result in much higher Dirac voltage [76]. The 
mobility and transport characteristics of the flexible GFETs 

was also found to be relatively insensitive to temperatures 
ranging from 100 to 300 K as seen in Figure 15.28e, which 
indicates that charged or neutral impurity scattering is the 
limiting transport mechanism. Figure 15.29 shows the optical 
images of wafer-scale growth and transfer onto a 100-mm oxi-
dized Si wafer for final device processing and integrated elec-
tronics. It has about 40,000 GFETs and the device count can 
increase proportionally with the wafer size. Recently, uniform 
monolayer graphene on 300-mm wafer-scale (Figure 15.30) 
evaporated Cu film had been demonstrated in an Aixtron® 
6-in CVD system.

15.5 OUTLOOK AND CHALLENGES

The large-area CVD approach has and will continue to be one 
of the most popular methods to produce graphene for either 
fundamental science studies or for various applications such 
as electronic, mechanical, thermal, and biosensing devices. 
The future practical use of CVD of graphene would probably 
depend on two aspects. The first aspect is how to improve the 
quality of CVD of graphene, so that it can yield comparable 
electrical performance exfoliated graphene holds. Second, 
how to reduce the time and energy costs as they are the two 
main constraints for the cost-effective mass production of 
graphene.

Scaling graphene growth using an oven to heat large 
substrate becomes less energy efficient as the system size is 
increased. A new route to graphene synthesis in which radio-
frequency (RF) magnetic fields inductively heat metal foils 
yields graphene of quality comparable to or higher than cur-
rent CVD techniques [80,81]. RF induction heating allows 
for rapid temperature ramp up/down, with great potential for 
large scale and rapid manufacturing of graphene with much 
better energy efficiency. Backgated transistor devices fabri-
cated from this new CVD of graphene on oxidized silicon 
now readily afford mobilities over 10,000 cm2/Vs with Imax/
Imin current ratio that is over an order of magnitude while 
maintaining the intrinsic electron–hole symmetry as shown in 
Figure 15.31. Notably, the device performances are achieved 
at room-temperature under ambient conditions, which is 
essential for electronic circuits. Analog circuits including 
amplifiers with gain (Figure 15.32) and frequency multipliers 
from CVD of graphene with low loss have also been realized, 

PMMA/G/Cu on SiO2/Si After Cu etch and rinse G patterned on final wafer
G transferred to target wafer

(drying)

FIGURE 15.29 Raman spectra on different locations of wafer-scale graphene film transferred to 300 nm SiO2/Si substrate. The Raman 
signatures of I2D/G and FWHM2D indicated consistent monolayer graphene obtained in this work. (Reprinted with permission from Tao, L. 
et al., Uniform wafer-scale chemical vapor deposition of graphene on evaporated Cu(111) film with quality comparable to exfoliated mono-
layer. J. Phys. Chem. C, 116(45): 24068–24074. Copyright 2012 American Chemical Society.)
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and are important milestones for synthesized graphene elec-
tronic circuits on oxidized Si. We conclude this chapter by 
elucidating the prospects of graphene electronics on standard 
oxidized silicon substrates.

In device application, the electronic performance such 
as gain and bandwidth are often commensurate with the 

transistor carrier transport properties such as charge mobil-
ity and velocity saturation. In the past few years, graphene 
on hexagonal boron nitride (h-BN) interfaces has attracted 
significant attention as an ideal combination owing to the 
smooth  interface, and reduced electron–hole puddles and 
surface impurities [82,83]. However, the scalable high- 
quality growth of h-BN remains challenging let alone the 
synthesis of high-quality graphene/h-BN stacks. For this 
reason, it is appropriate to revisit graphene on standard elec-
tronic substrates.

Another technical challenge associated with wafer-scale 
CVD of graphene is the corresponding transfer in a scalable 
and cost-effective manner. Current transfer methods, although 
improved significantly, are still immature from reproducible 
mass production. To preserve the pristine property of gra-
phene during the necessary transfer process is another critical 
engineering issue for the practical use of CVD of graphene in 
various applications.
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16 Novel Graphene Sensors for Chemical 
and Biological Applications

Oh Seok Kwon, Seon Joo Park, Jyongsik Jang, and Joonwon Bae

ABSTRACT

The development of novel sensors is critical to the realiza-
tion of molecular recognitions that arise from binding events 
between an analyte and a transducer. Here, we review novel 
graphene-based chemical and biological sensors includ-
ing a hydrogen gas sensor, aptasensor, electronic nose, and 
immunoassays. To create well-designed graphene sensor 
architectures, advanced technologies such as vapor depo-
sition polymerization (VDP) with conducting polymers 
and chemical vapor deposition (CVD) with carbon sources 
processes have been employed. Based on these methods, 
 high-performance graphene nanostructures were success-
fully fabricated and showed excellent sensing capabilities and 

compatibilities. Those graphene substrates were integrated 
into field-effect transistor (FET) and chemiresistive systems 
to obtain signal amplification and enhanced sensing prop-
erties, leading to high-performance novel graphene chem/ 
biosensors. This chapter provides information on cutting-edge 
sensor technologies encompassing recent research efforts.

16.1 INTRODUCTION

Graphene, which is arranged in six-membered rings, has 
become one of the most attractive research topics in the last 
decade (Figure 16.1). This two-dimensional material is dis-
tinctly different from carbon nanotubes/fullerenes and exhib-
its unique properties [1–3]. Its outstanding properties include 
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a quantum Hall effect at room temperature, an ambipolar 
electric field effect, a tunable band gap, high carrier mobility 
and capacity, and high elasticity [4,5]. The unique electrical 
properties of graphene enable the fabrication of flexible elec-
tronics and high-performance devices [6,7]. Additionally, gra-
phene shows great promise for nanoscale applications, such 
as energy storage, solar cells, display devices, and chemical/
medical/biological sensors [8–16].

The typical fabrication procedures for graphene can be 
divided into two categories, that is, solution-based process and 
CVD. Fabricating single-layer graphene by a solution-based 
process was first demonstrated by Ruoff’s group in 2006 [17]. 
This method chemically modifies graphite to produce water-
dispersible graphite oxide (GO) [18–20]. After oxidation by 
the Hummers’ method [21], GO is a layered stack of puckered 
sheets with AB stacking, which completely exfoliates upon 
the input mechanical energy. The most exciting advantages 
of the GO method are its low-cost and massive scalability 
[22,23]. The starting material is simple graphite, and the tech-
nique can easily be scaled-up to produce gram-sized or larger 
quantities of “chemically derived graphene” dispersed in a 
liquid. The CVD method discovered by Li et al. revealed a 
new route for fabricating large-scale graphene substrates [24]. 
This method has several attractive advantages such as flexi-
bility, high-conductivity, and large-scale preparation. Various 
CVD-grown graphene-based nanostructures have been dem-
onstrated and have shown excellent performances in devices 
[25–29]. The layer number and domain size of graphene can 
be controlled by changing the substrate thickness and growth 
time during the growth process. Importantly, the final cooling 
rate is critical for suppressing the formation of multiple lay-
ers and for separating the graphene layers efficiently from the 
substrate in a subsequent process [28].

Graphene has become one of the most exciting research 
topics for end-user applications, such as electronics, portable 
devices, energy storage/conversion, health equipment, and 
environmental monitoring. Among these targets, ultrasensi-
tive sensors have become an interesting field of technology, 
especially in environmental science, energy crops, desali-
nation, and diagnosis [30–34]. Recently, reduced graphene 
oxides (RGOs) have been used as transducers in sensor appli-
cations because of their facile fabrication [35–40]. Even if 
RGO-based sensors show sensitive and selective signals, their 
sensing performance is limited because of impurities, low 
conductivity, and irregular layers. The minimum detectable 

level (MDL) strongly depends on the GO surface area and 
shape, the presence of wrinkles on the GO surface, and the 
degree of oxidation of the GO. However, the fabrication of a 
size-controlled and large-scale GO substrate has not yet been 
accomplished. Therefore, developing innovative graphene-
based sensors has become a challenging task for scientists. 
It has progressed with CVD-grown graphene films which 
can reproducibly provide large-scale and high-quality films. 
CVD-grown graphene of desirable size and architecture can 
be easily obtained by photolithography or a self-assembly-
mediated process, leading to the realization of elegant sig-
nal transducers. Large-scale graphene patterns can facilitate 
the effective integration of graphene into electronic devices. 
Using patterned graphene transducers opens up possibilities 
for novel large-scale high-performance chemical/biological 
sensors. Consequently, it is useful to collect relevant informa-
tion on concepts and experiments to assist in the realization 
of such novel sensors. Thus, we herein summarize the recent 
cutting-edge technologies that have been used to fabricate 
graphene-based chemical and biological sensors, including a 
gas sensor, aptasensor, bioelectronic nose (B-nose), immuno-
assay, and strain sensor.

16.2 CHEMICAL SENSORS

16.2.1 brieF introduCtion

Reliable, fast, and accurate detection of harmful chemicals is 
important for processes in various technological fields, such 
as medical, environmental, and industrial [41,42]. New gen-
erations of low power, low cost, and portable sensing devices 
are needed in agricultural, medical, and manufacturing fields. 
Leading candidates are chemiresistors and FET-type sensors 
in designed systems (Figure 16.2). Such sensors are based 
on the simple change in resistance or in current in response 
to the binding of analytes [43,44]. CVD-grown graphene-
based chemiresistive sensors have excellent performances 
(Table 16.1) [45,46].

16.2.2  review oF previouS reSearCh 
on ChemiCal SenSorS

Extensive research efforts have been devoted to the devel-
opment of chemical sensors [35,37,41,39,47–61]. Significant 
progress has been made in gas sensor technology. Robinson 
et al. reported RGO-based molecular sensors [35]. Dan et al. 
reported that graphene is a two-dimensional material with 
extremely favorable chemical sensor properties [39]. They 
showed that the contamination layer chemically dopes the 
graphene, enhances carrier scattering, and acts as an absor-
bent layer that concentrates analyte molecules at the graphene 
surface, leading to the enhancement of the sensor response. 
The intrinsic chemical responses of the graphene monolayer 
could be measured after the removal of surface contamina-
tion. The intrinsic responses were surprisingly small, even 
upon exposure to strong analytes such as ammonia vapor. Liu 
et al. developed a highly sensitive graphene-based device for 

(a) (b)

0.14 nm

FIGURE 16.1 Chemical structure of graphene.
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nitric oxide (NO) gas detection [37]. Their device consisted 
of channels of palladium-decorated RGO with electrodes 
covered with CVD-grown graphene. The highly sensitive, 
recoverable, and reliable detection of NO gas ranging from 2 
to 420 ppb with a response time of several hundred seconds 
was achieved at room temperature. Ruoff and Manohar col-
laboratively demonstrated a flexible and lightweight chemire-
sistor made of a thin film that was composed of overlapped 
and RGO platelets (RGO film); these were printed onto flex-
ible plastic surfaces using inkjet techniques [41]. The study 
revealed that RGO films can reversibly and selectively detect 
chemically aggressive vapors such as NO2 and Cl2. Detection 
was achieved using an air sample containing vapor concentra-
tions ranging from 100 ppm to 500 ppb at room temperature. 
RGO-conjugated Cu2O nanowires were formed by crystalli-
zation in the presence of GO under hydrothermal conditions 

[47]. Because of the high specific surface area and improved 
conductivity, the RGO–Cu2O mesocrystals had higher sen-
sitivity toward NO2 gas at room temperature, surpassing the 
performance of individual systems of Cu2O nanowire net-
works and RGO sheets. Jiang and coworkers produced Al2O3/
graphene nanocomposite papers from a GO solution in a one-
step, green, facile, and low-cost supercritical CO2 method 
[48]. The as-prepared papers displayed high chemilumines-
cence sensitivity and high selectivity toward ethanol gas. This 
approach holds promise for the preparation of a wide range of 
nanoscopic sensing devices. Patricha et al. presented a simple 
single-step synthesis and detailed study of the remarkable 
room temperature-gas sensing and photoluminescence (PL) 
properties of zinc oxide (ZnO)-decorated graphene oxide 
sheets (GO) [49]. They proposed that ZnO nanocrystallites 
served the dual purpose of acting as nanospacers between 
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FIGURE 16.2 Schematic diagram of chemical sensors using conducting polymers.

TABLE 16.1
Graphene-Based Chemical Sensors

Types Detection Methods Sensing Materials Analytes MDLa Reference

FET sensor Electric field CVD-graphene Flow velocity 23.1 mm/s [16]

FET sensor Electric field Few-layer graphene NH3/CO/H2O/NO2 1 ppm [32]

Electrical sensor Conductance rGO Hydrazine vapor <ppb [35]

Electrical sensor Conductance Pd–rGO NO 420 ppb [37]

FET sensor Electric field Graphene sheet NH3 10 ppm [39]

Chemiresistive sensor Resistance GO film NO2/Cl2 500 ppb [41]

Chemiresistive sensor Resistance Cu2O–rGO NO2 0.4 ppm [47]

Chemiluminescence sensor Chemiluminescence Al2O3/graphene Ethanol 200 mL/min [48]

Photoluminescence sensor Photoluminescence ZnO–rGO sheet CO/NH3/NO 1 ppm [49]

Cataluminescence sensor Cataluminescence SnO2/graphene Propanol 0.3 µg/mL [50]

Electrical sensor Conductance Modified-rGO NO2 1 ppm [51]

Chemiresistive sensor Resistance rGO H2 500 ppm [52]

Chemiresistive sensor Resistance SnO2/graphene H2S 1 ppm [53]

Electrochemical sensor Current ZnO/graphene [Fe(CN)6]3+ 10 mM [56]

Electrochemical sensor Current Ag NPs/graphene Nitroaromatics 1 ppm [58]

FET sensor Electric field Graphene Water droplet – [59]

FET sensor Electric field Epitaxial graphene pH – [60]

Chemiresistive sensor Resistance rGO NO2/NH3 5 ppm [61]

FET sensor Electric field DNA/graphene nanomesh Vapor gases ~ppm [63]

a Minimum detectable level.
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dried graphene sheets and also as a primary sensing trans-
ducer for gas sensing applications. Common industrial toxins 
such as CO, NH3, and NO could be detected at concentra-
tions as low as 1 ppm at room temperature. A strong sensor 
response and quick recovery time were observed at room tem-
perature with a preferred selectivity toward electron donor 
gases such as CO and NH3 [49]. Similarly, graphene sheets 
decorated with SnO2 nanoparticles (NPs) were prepared 
through a facile hydrothermal synthesis route. The analytical 
characteristics of the graphene/SnO2 sensor for propanal were 
studied under the optimal experimental conditions. The linear 
range of the propanal gas sensor was 1.34–266.67 mg/mL and 
the detection limit was 0.3 mg/mL [50]. Shi et  al. reported 
chemiresistor-type NO2 sensors based on chemically modi-
fied graphene materials including sulfonated RGO or ethyl-
enediamine-modified-RGO. These sensors showed a 4- to 
16-fold stronger response toward NO2 gas than did one based 
on unmodified-RGO [51]. Zhang et  al. synthesized RGO 
under H2/Ar treatment; and it had excellent sensitivity to H2. 
The balance between the chemical adsorption capacity and 
electronic conductivity, and the dominance of either electrons 
or holes, was examined [52]. Hu et al. prepared highly aligned 
SnO2 nanorods on graphene as three-dimensional array struc-
tures by a straightforward nanocrystal-seeds-directing hydro-
thermal method. They found that the array structures, when 
used as gas sensors, exhibited improved sensing performances 
compared with SnO2 nanorods toward a series of gases. These 
structures had enhanced sensitivity to reductive gases (espe-
cially H2S) [53]. The various gas sensors were reviewed by 
Ratinac [54].

Recent progress in chemical and electrochemical sen-
sors has been remarkable [55–63]. Dong et al. reported using 
hybrid ZnO/graphene for electrochemical sensors [56]. Huang 
and Chen demonstrated a series of inkjet printing processes 
using graphene-based inks. Under optimized conditions, vari-
ous high-quality patterns were printed with a simple and low-
cost inkjet printing technique on diverse flexible substrates 
including paper, poly(ethylene terephthalate) (PET), and poly-
imide (PI). The graphene-based patterns printed on plastic 
substrates had a high electrical conductivity after thermal 
reduction. Accordingly, flexible electric circuits and a hydro-
gen peroxide chemical sensor were fabricated and showed 
excellent performance [57]. Lu et al. prepared highly disper-
sive silver nanoparticles (Ag NPs) on functionalized graphene 
for an excellent electrochemical sensor of nitroaromatic com-
pounds [58].

Tao et  al. carried out Hall measurements on back-gated 
graphene FETs with and without a top dielectric medium [59]. 
The gate efficiency increased by up to two orders of magni-
tude in the presence of a high κ-top dielectric medium, but 
the mobility did not change significantly. Their work strongly 
suggests that the top dielectric medium-induced charge 
transport properties of graphene FETs result from increased 
gate capacitance, rather than enhancement of carrier mobil-
ity. This finding is important for the understanding of FET-
type sensors. Loh and coworkers successfully demonstrated 
the solution-gating of epitaxial graphene where ambipolar 

characteristics with a narrow p–n plateau region (ca. ~0.2 eV) 
near the Dirac point were observed [60]. They argued that 
both n and p carriers can be induced by capacitive charging of 
the polarizable graphene/electrolyte interface, with the nega-
tively gated potential region exhibiting a Nernstian response 
to pH. The sensitive response of graphene to surface charge 
or ion density suggests possible applications in ultrafast and 
ultralow noise biosensors or chemical sensors.

16.2.3  Flexible ChemireSiStive GaS SenSorS 
uSinG aG np-deCorated Graphene

16.2.3.1 Metal-Decorated Graphene
CVD-grown graphene can be formed into ultrathin films that 
minimize contact resistance between horizontally located 
graphene layers [64]. The decoration of metal NPs (e.g., 
Au, Pd, and Pt) on CVD-grown graphene can be achieved 
by conventional electrochemical or electroless deposition 
[47,49,53,56,58,65]. However, these approaches require a con-
ductive substrate such as metal. Alternatively, a plasma treat-
ment efficiently engineers the surface, offering an effective 
and simple process to functionalize the graphene surface [66]. 
It is easy to control the surface modification by the plasma, 
and the surface can be oxidized quickly without using harsh 
chemicals. Jang et  al. described a facile and reliable syn-
thetic route using such surface engineering to fabricate metal 
NP-decorated, CVD-grown, few-layer thick graphene [66].

16.2.3.2  Fabrication of Ag NP-Decorated 
Graphene Chemiresistive Sensors

Graphene has been grown by CVD on Cu foil with CH4 gases 
as the carbon source. Using a standard growth process, the Cu 
substrate was heated to 1000°C in vacuum while and H2 gas 
was maintained at low pressure. Then, CH4 was introduced, 
and the Cu foil was cooled to room temperature under an H2 
atmosphere. After the growth of pristine graphene, the poly-
methylmethacrylate (PMMA) was spin-coated. Subsequently, 
the PMMA-coated graphene was immersed into Cu etchant 
and the detached graphene was transferred onto the flexible 
substrate (PET film).

The graphene surfaces were plasma treated, and uniform 
Ag NPs were decorated on the plasma-treated graphene under 
ultraviolet (UV) irradiation. Specifically, silver nitrate solu-
tion was added to the glass chamber, and the sample was 
exposed to UV light as an Ag-reduction method. Residual Ag 
NPs were removed by washing with distilled water. The Ag 
NP-decorated graphene (AgNPs-G) was dried under vacuum. 
The overall synthetic procedure for Ag NPs-G is illustrated in 
Figure 16.3. The graphene was transferred onto the PET film, 
and a gold-patterned electrode was deposited on the graphene 
to fabricate a flexible graphene circuit array. Then, plasma-
based surface engineering functionalized the graphene sur-
face. The modified graphene surface attract added silver ion 
through electrostatic interaction. Uniform Ag NPs on the sur-
face of the plasma-treated graphene were formed by a simple 
UV reduction process.
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16.2.3.3 Characterization of AgNPs-G
The AgNPs-G was investigated by atomic force microscopy 
(AFM). Changes in roughness and thickness were monitored 
through AFM imaging. The surface of the plasma-treated 
graphene was smooth and uniform as shown in Figure 16.4. 
The average thickness of the pristine graphene was ca. 2 nm, 
indicating few-layer graphene. The thickness and roughness 
of AgNPs-G was greater than that of pristine graphene in 
Figure  16.4. The thickness of the AgNPs-G was 8–11 nm; 
thus, the diameter of the Ag NPs was estimated at ca. 7–9 nm. 
These results indicate that the Ag NPs were successfully 
adsorbed onto one side of the plasma-modified graphene.

Transmission electron microscopy (TEM) observation 
was carried out to further confirm the surface and structure 
of AgNP-G. The Ag NPs reduced by UV irradiation were 
homogeneously attached to the surface of the functionalized 
graphene (Figure 16.5). The surface of obtained graphene was 
typically smooth, with well-dispersed Ag NPs assembled on 
the surface of the plasma-treated graphene layer.

16.2.3.4 Physical and Electrical Properties of AgNPs-G
Two-dimensional graphene is a good candidate for the fabri-
cation of flexible devices because of its unique electrical and 
physical properties. The flexible AgNPs-G nanocomposite 
has great potential in electrical applications, such as in FET 
transducers for chemical sensing, because of its high electri-
cal conductivity. Figure 16.6 illustrates the current–voltage 
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FIGURE 16.3 Schematic illustration of AgNPs-G on flexible PET substrate. (Adapted from Yoo, S. A., Kwon, O. S., and Jang, J. 2012. 
J. Mater. Chem. 22:17805–17812.)
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(I–V) characteristics of AgNPs-G transferred onto the flexible 
substrate as the conductive channel as it was bent. The dI/dV 
value was used to establish how the graphene was affected 
by oxygen plasma treatment. The dI/dV value decreased with 
increasing plasma exposure time. The AgNPs-G 20 sample, 
treated during 20 s, had an I−V curve with an extremely low 
slope. The I−V plots were linear over a voltage range of –1 to 
+1 V, which is characteristic of ohmic contact [67]. This result 
indicated good electrical contact at the interface between the 
AgNPs-G transducer and the gold electrode.

To demonstrate the mechanical flexibility of AgNPs-G, 
a bending experiment was conducted, with the resistance 
to bending measured for different bending radii (from 3 to 
12 mm). Figure 16.7 displays that the resistance increased 
slightly at a small bending radius (from 12 to 3 mm), but the 
largest resistance value was only ca. 1.2% greater than the 

initial value for the flat state. Additionally, the original resis-
tance was restored after bending. This result indicates excel-
lent mechanical  stability of AgNP-G as a flexible transducer.

16.2.3.5  Sensing Behavior of AgNPs-G 
Chemiresistive Sensor

The electrical response of AgNPs-G upon exposure to differ-
ent concentrations of H2 gas is shown in Figure 16.8. When 
AgNPs-G was exposed to H2 gas at room temperature, the 
resistance increased with a rapid response time. However, a 
slow recovery time was observed owing to slow desorption of 
H2 molecules from the AgNPs-G at room temperature. Figure 
16.8 illustrates the response of AgNPs-G upon sequential 
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exposure to H2 gas as a function of analyte concentration (100, 
200, 400, 600, and 800 ppm). The real-time responses were 
well defined with increasing hydrogen gas concentration, and 
the AgNPs-G sensors showed reversible and reproducible real-
time responses. Their response times were less than 1 s for 
H2 gas, and the recovery times were ca. 50 s for all AgNPs-G 
samples. The minimum detection level (MDL) of AgNPs-G15, 
treated during 15 s, was ca.100 ppm, approximately 1- to 2- 
orders of magnitude better than that of conventional CVD-
graphene-based hydrogen sensors. This was attributed to high 
electron mobility from the well-interconnected metal to the 
graphene. These response and recovery times were defined 
respectively as the required times for the gas sensor signals to 
reach 90% of the saturation value and then return to the origi-
nal values. The sensitivity of the AgNPs-G sensors increased 
with increasing amount of Ag NPs in the order: AgNPs-G5 < 
AgNPs-G10 < AgNPs-G15. Thus, a greater number of Ag 
NPs (present as acceptors) led to enhanced interactions with 
the analyte. Figure 16.9 presents the real-time response of 
AgNPs-G upon periodic exposure to 200 ppm of H2 gas. The 
cyclic tests had similar responses and excellent sensing perfor-
mance over 10 cycles. Thus, AgNPs-G can be clearly used as a 
reversible material for detecting H2 gas.

16.3 BIOLOGICAL SENSORS

16.3.1 brieF introduCtion

Biosensors have become important for the management 
of diseases and optimization of environmental conditions. 
Various detecting methods such as immunosensors, aptasen-
sors, fluorescence biosensors, magnetic-induced biosensors, 
and FET-type biosensors are being continuously developed 
with high sensitivities and selectivities [68–72]. Although 
such biosensors provide facile and efficient methods to detect 
biomolecules at low concentrations, their still have limita-
tions in that MDLs are still limited. To solve this problem, 
innovative signal-transduction technology is indispensable. 

Fortunately, improved performance in biosensors can be 
achieved by using graphene conjugated biomolecules, such as 
aptamers, proteins, and receptors. This section summarizes 
recent research accomplishments in cutting-edge biosensor 
technology (Table 16.2).

16.3.2  review oF previouS reSearCh 
on bioloGiCal SenSorS

Protein sensors are the most studied biosensors, and diverse 
strategies have been used to develop them [73–79]. Mao et al. 
reported a highly sensitive protein sensor based on thermally 
reduced graphene oxide FET [73]. Qu et al. developed a sen-
sor for label-free electrochemical impedance detection of 
cyclin A2 in cancer cells (critical for the initiation of DNA 
replication, transcription, and cell-cycle regulation through 
the association of cyclin-dependent kinases) with ultrahigh 
sensitivity and selectivity by using a porphyrin-functional-
ized graphene modified-glassy carbon electrode (GCE), one 
specific hexapeptide P0 (RWIMYF) as the detection probe, 
and Tween 20 to prevent porphyrin-graphene nonspecific 
binding [74]. Fu et al. reported a label-free colorimetric sen-
sor for ultrasensitive detection of heparin based on color 
quenching of gold nanorods by graphene oxide [75]. Huang 
et al. demonstrated an imprinted electrochemical sensor 
based on polypyrrole-sulfonated graphene (PPy–SG)/hyal-
uronic acid-multiwalled carbon nanotubes (HA–MWCNTs) 
for the sensitive detection of tryptamine [76]. The proposed 
sensor was tested by chronoamperometry. Several important 
parameters controlling the performance of the molecularly 
imprinted sensor were investigated and optimized. The 
results showed that the good selectivity of the sensor enabled 
it to discriminate tryptamine from three key interferents, 
that is, tyramine, dopamine, and tryptophan. The detection 
limit of tryptamine was 7.4 × 10−8 mol/L (signal-to-noise 
ratio, S/N = 3).

Biosensors have also been studied extensively for use in 
detecting enzymes [80–82] and hormones [83,84]. Ma’s 
research group reported a graphene oxide–peptide-based 
fluorescence sensor for matrix metalloproteinase 2 (MMP2); 
its applicability was demonstrated by monitoring the con-
centration of MMP2 secreted by HeLa cells [80]. Lee et al. 
used a novel approach to detect enzymes using a graphene 
NP hybrid biosensor [81]. They proved that the system could 
detect the activity of an enzyme and determine its concen-
tration by measuring the change in electrical hysteresis that 
resulted from the interaction of the target enzyme with its 
corresponding substrate. Chu et  al. proposed a novel intra-
cellular protease sensor based on the nanoconjugate of GO 
and peptide substrates [82]. They demonstrated the follow-
ing: Because GO is intrinsically a nanocarrier for delivering 
peptide cargos inside live cells and a fluorescence quencher 
for fluorophores adjacent to its surface, the GO-peptide con-
jugate, after being transported into cells followed by cleavage 
of the peptide by intracellular proteases, may provide greatly 
enhanced fluorescence imaging as a result of the release of 
fluorophores from the GO surface. Bao and Niu developed 
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a novel composite of graphene sheets/Congo red-molecular 
imprinted polymers (GSCR−MIPs). The polymers had been 
synthesized through free radical polymerization (FRP) and 
applied as a molecular recognition element to construct a 
dopamine (DA) electrochemical sensor [83]. The experimen-
tal strategy was as follows. Template molecules (DA) were 
first absorbed at the GSCR surface. Then, selective copoly-
merization of methacrylic acid (MAA) and ethylene glycol 
dimethacrylate (EGDMA) was achieved on the GSCR sur-
face. The GSCR-MIPs not only possessed a faster desorption 
and adsorption dynamics, but also exhibited higher selectivity 
and binding capacity toward the DA molecule. Hu and Fan col-
laboratively reported the new concept of adaptive “ensemble 
aptamers” that exploit the collective recognition abilities of a 
small set of rationally designed, nonspecific DNA sequences 
to identify molecular or cellular targets discriminatively [84]. 
They also demonstrated that the platform provides a highly 
discriminative and adaptive tool for high-precision identifica-
tion of a wide range of targets for diagnostic and proteomic 
applications.

It is also important to detect and control glucose for human 
life [85–89]. Wang et  al. reported well-dispersed palladium 
NPs on graphene oxide as a nonenzymatic glucose sensor [86]. 
Xiao et al. grew PtAu–MnO2 binary nanocomposites on free-
standing graphene paper for flexible nonenzymatic glucose sen-
sors [87]. Yang et al. decorated PtCo bimetallic alloy NPs on 
graphene as sensors for glucose detection by catalyzing luminol 
chemiluminescence [88]. The simultaneous detection of glu-
cose and hydrogen peroxide was possible with a reusable sen-
sor based on high magnetization carboxyl-modified graphene 
oxide [89]. The detection of hydrogen peroxide is critical for the 
evaluation of the oxidative stress of tumor cells [90]. Li et al. 
prepared ferrocene functionalized graphene with efficient elec-
tron transfer for use in hydrogen peroxide sensors [91].

Sensors for urea and uric acid have been developed for 
disease diagnosis [76,92,93]. Electrochemical sensors based 
on nitrogen-doped graphene allowed the determination of 
ascorbic acid, dopamine, and uric acid [76]. Srivastava et al. 
designed a functionalized multilayered graphene platform 
for a urea sensor [92]. Xue et  al. reported the construction 

TABLE 16.2
Graphene-Based Biosensors

Types Detection Methods Sensing Materials Analytes MDL Reference

FET biosensor Electric field DNA/graphene DNA 0.01 nM [69]

Electrochemical biosensor Electric field Au NPs/rGO Protein 0.02 mg/mL [71]

Colorimetric biosensor Impedance Peptide/graphene Cancer 1.02 pM [74]

Fluorescent biosensor Colorimetric detection Au nanorods/rGO Heparin 0.02 µg/mL [75]

FET biosensor Fluorescence Probes/GO Proteins 100 ng/mL [77]

FET biosensor Electric field Au NPs/vertically 
oriented graphene

Protein 2 ng/mL [78]

FET biosensor Electric field Peptide/graphene Streptavidin 50 ng/mL [79]

Peptide biosensor Electric field NPs/graphene Enzyme 10 nM [81]

Electrochemical biosensor Fluorescence Peptide/GO Caspase-3 362 ng/mL [82]

Aptasensor Current Molecular/rGO Dopamine 0.1 µM [83]

FET biosensor Fluorescence Ensemble aptamer/GO Proteins – [84]

Electrochemical biosensor Electric field Enzyme/CVD-graphene Glucose 3.3 mM [85]

Chemiluminescence Fluorescence Pt–Co/graphene H2O2 2.04 mg/mL

FET biosensor Current Ferrocene/GO H2O2 0.05 mM [91]

FET biosensor Electric field DNA/GO sheets DNA 1 Pm [95]

FET biosensor Electric field PNA/rGO DNA 100 fM [96]

FET biosensor Electric field Aptamer/CVD-graphene Mercury 10 pM [99]

SERS biosensors Electric field Graphene hybrids Pb2+ 20 pM [100]

Electrochemical biosensor Surface-enhanced 
Raman scattering

Graphene hybrids Rhodamine 6g 10−14 M [101]

Surface plasmon 
resonance biosensor

Current Hydrogenated graphene Biomarkers 10 mM [103]

Microfluidic biochip Reflective index Au nanorods/GO IgG 75 µg/mL [104]

Potentiometric biosensor Conductance Aptamer/GO Pathogen 11.0 cfu/mL [109]

FET biosensor Potentiometry Aptamer/rGO Living bacteria 
(Staphylococcus aureus)

8 × 102 CFU/mL [110]

FET biosensor Electric field Aptamer/graphene/AuNPs Anthrax toxin 1.2 aM [111]

FET biosensor Electric field Aptamer/CVD-graphene VEGF 100 fM [112]

FET biosensor Electric field Receptor/CVD-graphene Odorants 0.04 fM [119]

FET biosensor Electric field Antigen/CVD-graphene HIV 1 pM [124]



277Novel Graphene Sensors for Chemical and Biological Applications

of novel hybrid electrochemical sensors based on a gold NP/
graphene nanosheet hybrid [93]. Graphene-based structures 
can also be used to detect various biological components such 
as antibiotics [94,83], DNA [12,95,96], micro RNA [97], vita-
mins [98], heavy metal [99,100], rhodamine [101], and cancer 
cells [102–104].

16.3.3  vaSCular endothelial Growth FaCtor 
aptaSenSor uSinG nitroGen-doped Graphene

Angiogenesis, the formation of new blood vessels from 
 preexisting vasculature is an important factor related to the 
metastasis and growth of human tumors. The vascular endo-
thelial growth factor (VEGF) family is predominantly a pro-
angiogenic factor [105]. Therefore, VEGF discrimination in 
blood is useful for the early diagnosis, staging, and monitoring 
of cancers. A few significant techniques for detecting VEGF 
levels in blood have been proposed [106–108]. However, all 
of these methods (or recognition processes) require further 
improvement in their speed of detection and sensitivity.

Aptamers are artificial nucleic acid ligands that can be 
interacted with specific biomolecules such as amino acids, 
proteins, DNA, and so on [109–111]. The aptamer can be gen-
erated by the systematic evolution of ligands by exponential 
enrichment (SELEX) and provides efficient candidates for 
bioprobes. Aptamer-based biosensors can open a new genera-
tion in the field of therapeutics and diagnostics.

16.3.3.1 Fabrication of Nitrogen-Doped Graphene
Figure 16.10 shows a schematic representation of the experi-
mental process for the fabrication of polypyrrole-converted 
nitrogen-doped few-layer graphene (PPy-NDFLG). First, 
CuCl2 solution (as an initiator) was deposited by spin coating 
on the Cu substrate. The polymerization of pyrrole was con-
ducted by VDP at 70°C via chemical oxidation polymerization 
on the Cu substrate. PPy-NDFLG was successfully obtained 
by optimizing the CVD experimental parameters (tempera-
ture profile, precursor, gas flow rates, and system pressure) 
and subsequently transferred onto a flexible and transparent 
polyethylene naphthalate (PEN) film [112].

16.3.3.2 Fabrication of Aptasensors
To use PPy-NDFLG as a signal transducer in an electronic 
aptamer-based sensor system, an aptamer that could bind to 
a wide variety of entities with high selectivity, specificity, 
and affinity was found. High-magnification AFM analysis 
(Figure  16.11a) confirmed that it consisted of a few layers, 
with a vertical distance of ca. 1.5 nm (Figure 16.11b). The 
average thickness of the PPy-NDFLG at 100 randomly  chosen 
locations was ca. 2 nm (Figure 16.11c). High-resolution (HR)-
TEM images also revealed two to three layer graphene 
(Figure  16.11d and e). Anti-VEGF RNA aptamer immo-
bilization was performed by modifying the side plane of 
PPy-NDFLG with glutaraldehyde-conjugated 1,5-diaminon-
aphthalene (DAN) (Figure 16.11f).
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16.3.3.3 Sensing Properties of FET-Type Aptasensors
Figure 16.12 outlines the experimental setup used to evaluate 
the performance of the aptasensor into an ionic liquid gated 
FET in pure environments [112]. Figure 16.13 displays the real-
time responses of pristine graphene, PPy-NDFLG without the 

aptamer, and the PPy-NDFLG-aptamer. The Ids value from 
the aptasensor increased with the increasing concentration of 
the target molecule (VEGF), whereas there were no signifi-
cant changes in the signaling responses from the PG and PPy-
NDFLG without aptamers as the controls. The binding event 
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between aptamers and VEGFs caused an increase in the current, 
which was explained by an accumulation of negative charge 
carriers. The responses to the various concentrations of the 
VEGF were fast (<1 s), and the sensitivity change (S) was linear 
(inset of Figure 16.13). Importantly, the MDL was ca. 100 fM 
(S/N = 3.1), which was approximately 1–3 orders of magnitude 
lower than that of conventional VEGF sensors [113]. The aptas-
ensor could be repeatedly used at various concentrations of the 
target molecules in a reusable recycling process [112].

16.3.4  b-noSe uSinG modiFied Graphene 
ConjuGated with an olFaCtory reCeptor

The fabrication of well-designed devices having sensitive 
odorant discrimination is an important and challenging task. 
Such sensors have applications for foods and beverages, 
environmental monitoring, and disease diagnostics [114]. 
Recently, various sensing techniques have been introduced 
for use in artificial olfactory sensing devices [115–118,42]. 
However, significant limitations still remain, including low 
sensitivity, slow response times, and limited portability.

16.3.4.1 Fabrication of a B-Nose
Figure 16.14 describes the experimental process for the fabri-
cation of a B-nose substrate based on bilayer graphene (BLG) 
modified by plasma treatment. First, pristine BLG (PBLG) 
was transferred onto a flexible poly(ethylene terephthalate) 
(PET) film. The PBLG was structurally modified to have 
p- and n-type behavior by doping foreign atoms through 
O2 and NH3 plasmas. The human olfactory receptor 2AG1 
(hOR2AG1: OR), which is specific to amyl butyrate (AB), 
was then chemically attached to the plasma-modified BLG 
(MBLG) surface to selectively detect the odorant. A condens-
ing agent, 1,5-diaminonaphthalene (DAN) was stacked on the 
side plane of the MBLG by π–π interactions to immobilize 
OR on the MBLGs. Glutaraldehyde (GA) was also added to 
form covalent bonds between the amine group of the OR and 
the aldehyde group of the A-DAN/MBLG [119].

16.3.4.2 Characterization of a B-Nose
Figure 16.15a and b displays typical field-emission scan-
ning electron microscopy (FE-SEM) images before and after 

the introduction of the OR on the MBLG. The surface was 
considerably roughened by the introduction of the biologi-
cal molecules. The OR-conjugated MBLGs maintained reli-
able electrical contact after the immobilization process [119]. 
Figure 16.16 outlines the experimental setup used to evaluate 
the performance of the B-nose device [119].
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16.3.4.3 Sensing Performances of a B-Nose
Real-time responses to amyl butyrate (AB) were observed with 
a B-nose using graphene treated with oxygen plasma (OG), a 
B-nose using graphene treated with ammonia plasma (NG), 
and a B-nose without OR (pristine-MBLG) (Figure 16.17). 
The B-nose OG displayed increasing ISD upon exposure to the 
various concentrations of the target AB. To confirm the speci-
ficity of the B-nose to the target molecules, the pristine-MBLG 
was introduced as a control, and no significant current signals 
were observed. However, the current values from B-nose NG 
decreased in real-time upon exposure to various AB concen-
trations. Although the responses from B-nose OG and NG 
were similar, the MDL (0.04 fM) of B-nose OG was much 
smaller than that (0.4 fM) of B-nose NG. Moreover, the satu-
rated concentration (400 pM) was much larger (over 7 orders 

of magnitude concentration increase) relative to the initial 
AB concentration (0.04 fM). Interestingly, all of the B-noses 
had rapid response times (<1 s) and had instantaneous signal 
increments for all concentrations (0.04 fM to 400 pM). This 
was explained by olfactory signaling in  sensory transduction, 
which is relatively fast and on the order of milliseconds.

16.3.5  Flexible FluidiC hiv immunoaSSayS uSinG 
Graphene miCropattern nanobiohybridS

One of the great goals of science and engineering today is 
to develop rapid, accurate, and portable diagnostic technol-
ogies for the prevention of infectious diseases such as syph-
ilis and acquired immune deficiency syndrome (AIDS). 
To achieve this goal, various assays have been developed 
for detecting HIV-2 gp36 antigen (HIV-2 Ag), a biomarker 
that contains terminal amine groups, for example, piezo-
immunosensors, enzyme-linked immunosorbent assays 
(ELISA), surface plasmon resonance techniques, acous-
tic physics, quartz crystal microbalances, and optical and 
capacitive immunosensors [120–123]. Still, a novel method 
is needed to overcome the limitations of these techniques, 
which include long analysis time, poor efficiency, high cost, 
low sensitivity, the need for labeled molecules and a large 
sample size, and the preparation of the postclinical set-
ting. To improve this situation, flexible fluidic HIV immu-
noassays using large-scale graphene micropattern (GM) 
nanobiohybrid sensors (GMNSs) with close-packed carbox-
ylated polypyrrole nanoparticle (CPPyNP) arrays have been 
designed [124].

16.3.5.1  Fabrication and Characterization of FET-
Type Flexible Fluidic HIV Immunoassays

Figure 16.18 shows the fabrication process of an FET-type 
HIV immunoassay based on highly ordered GMNSs with 
close-packed CPPyNP arrays in a flexible system. A flexible 
single-layer graphene film had been created by CVD and dry-
transfer methods, as summarized in the previous sections. The 
single-layer graphene was patterned with uniform shapes and 
sizes by conventional photolithography (PL) and the reactive-
ion etching (RIE) processes. Thermal evaporation was used 
to construct the source and drain electrodes that were con-
nected by the GM channels, and this was followed by the lift-
off process. The surface of the exposed GMs was engineered 
to immobilize the CPPyNPs on the side plane of the GMs 
via treatment with 1,5-diaminonaphthalene (DAN), which 
enabled π–π interactions between the naphthalene group of 
DAN and the graphene sp2-carbon plane [106]. HIV-2 Ag was 
then covalently anchored to the CPPyNP surface. The close-
packed HIV-2 Ag-CPPyNP arrays were observed on the GM 
between the microelectrodes (Figure 16.19) and had rougher 
surfaces, because of the attached HIV-2 Ag, compared with 
the smooth surface of the pristine CPPyNPs. The linear I−V 
plots for the GM nanobiohybrids on the flexible substrate 
demonstrated excellent ohmic behavior over a voltage range 
of −1.0 to +1.0 V [124].
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FIGURE 16.17 Real-time responses and a calibration curve of 
FET-type B-nose based on OR-conjugated oxygen plasma-treated 
graphene (OG) and ammonia plasma-treated graphene (NG) mea-
sured at Vds = 10 mV (Vg = 0 V) toward amyl butyrate concentrations 
(0.04 fM–4 nM). Pristine-MBLG without OR was a control sample. 
(Reprinted with permission from Park, S. J. et al. Ultrasensitive 
flexible graphene based field effect transistor (FET)-type bioelec-
tronic nose. Nano Lett.12:5082–5090. Copyright 2012, American 
Chemical Society.)
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FIGURE 16.16 Schematic diagram of a liquid-ion gated FET 
B-nose using OR-conjugated MBLG (the capital “S,” “D,” and “Vg” 
indicate source/drain electrodes and gating voltage). (Reprinted with 
permission from Park, S. J. et al. Ultrasensitive flexible graphene 
based field effect transistor (FET)-type bioelectronic nose. Nano 
Lett.12:5082–5090. Copyright 2012, American Chemical Society.)
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16.3.5.2 Real-Time Response of HIV Immunoassays
A convenient laboratory assay was constructed using liquid-
ion gating. GM nanobiohybrid channels were surrounded with 
phosphate-buffered saline (PBS, pH 7.4) as an electrolyte. 
A  liquid-ion-gated FET geometry was established to esti-
mate the device performance of the GM nanobiohybrid-based 
immunoassay (Figure 16.20).

The current values (Ids) from the GMNSs were monitored 
in real-time as a function of HIV-2 Ab concentration. Sensing 
performance in response to HIV-2 Ab was determined for GM, 
CPPyNP-GM, HIV-2 Ag-GM, and GMNSs (Figure 16.21). 
A rapid increase in Ids was displayed with increasing concen-
tration of Ab. As a control experiment, the identical test was 
conducted using GM and CPPyNP-GM, and no significant 
current signals were observed. The responses from GMNS and 
HIV-2 Ag-GM were sensitive to the specific biomarker (HIV-2 
Ab), but they showed clearly different MDLs: the MDL (1 pM) 
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FIGURE 16.18 Schematic illustration of the FET-type GM nanobiohybrid immunosensor based on GMs with close-packed CPPyNPs on 
the flexible substrate (PL: photolithography, PR: photoresist, RIE: reactive-ion etching, and GM: graphene micropattern). (Kwon, O. S. et al. 
Large-scale graphene micropattern nano-biohybrids: High-performance transducers for FET-type flexible fluidic HIV immunoassays. Adv. 
Mater. 2013. 25:4177–4185. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reprinted with permission.)
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FIGURE 16.19 FE-SEM image of graphene micropattern with HIV-2 Ag-immobilized close-packed CPPyNP arrays (the insets indicate 
HIV-2 Ag-CPPyNPs that have a rough surface). (Kwon, O. S. et al. Large-scale graphene micropattern nano-biohybrids: High-performance 
transducers for FET-type flexible fluidic HIV immunoassays. Adv. Mater. 2013. 25:4177–4185. Copyright Wiley-VCH Verlag GmbH & Co. 
KGaA. Reprinted with permission.)
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FIGURE 16.20 Schematic illustration of the graphene micropa-
ttern nanobiohybrids (GMNS) operated by liquid-ion gating 
(S: source, D: drain, and Vg: gate voltage). (Kwon, O. S. et al. Large-
scale graphene micropattern nano-biohybrids: High-performance 
transducers for FET-type flexible fluidic HIV immunoassays. Adv. 
Mater. 2013. 25:4177–4185. Copyright Wiley-VCH Verlag GmbH & 
Co. KGaA. Reprinted with permission.)



282 Graphene Science Handbook

of GMNS was 10 times higher than that (10 pM) of Ag-GM. 
Importantly, GMNS had the lowest record of 1 pM (S/N = 5.7), 
which is 1 to –2 orders of magnitude more sensitive than previ-
ously reported electrochemical HIV sensors [120–124]. The 
response from GMNS was slow and saturated gradually, indi-
cating that the response was irreversible.

16.3.5.3 Microfluidic HIV Immunoassays
Developing portable, flexible, and implantable biological 
assays is particularly challenging. Microfluidic systems have 
become more important for the identification and quan-
tification of chemical species. Such systems have various 
advantages compared with conventional immunoassays, 
such as a smaller sample volume, short analysis time, and 
enhanced reliability and sensitivity through automation. 
Using the basic concepts of microfluidics, Kwon et al. dem-
onstrated that GMNS could be transferred onto a flexible 
substrate and integrated into a microfluidic channel formed 
by poly(dimethylsiloxane) (PDMS) (Figure 16.22) [124]. This 
research opens up the possibility of fabricating high-perfor-
mance flexible fluidic biosensors.

16.4 OTHER SENSORS BASED ON GRAPHENES

In addition to chemical/biological sensors, elegant systems 
such as stress/strain sensors [125–127] and plasmonic sensors 
[128,129] have been recently reported. The use of graphene 
and carbon fibers for stress measurements in a variety of 
applications was described [125].

Ahn et al. developed transparent strain sensors based on 
graphene in the form of a rosette on a flexible plastic or stretch-
able rubber substrate [126]. Their piezoresistive properties 
were investigated under a tensile strain of up to 7.1%. Zhang 

et  al. reported a simple and controllable process of making 
buckled graphene that could be used to fabricate flexible 
electronic devices and strain sensors [127]. Plasmon  sensors 
can be constructed by incorporating silver as a  material for 
 plasmon detection into graphene [128,129].

16.5 CONCLUSIONS

The remarkable research progress on graphene-based chemi-
cal and biological sensors has been summarized focusing on 
advanced and representative research achievements. This chap-
ter provides essential information on the cutting-edge technol-
ogies being used to develop flexible chemical and biological 
sensors using graphene and its derivatives. It is hoped that this 
article will stimulate the development of many new sensors.
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17 New Methods in Aqueous 
Graphene (Graphene Oxide) 
Synthesis for Biosensing

Jingfeng Huang, Melanie Larisika, Christoph Nowak, and Alfred Tok Iing Yoong

ABSTRACT

This chapter summarizes the evolution of the structure, prop-
erties, and synthesis methods of aqueous graphene with an 
emphasis on the biosensing application. The theoretical and 
experimental investigation of recent aqueous graphene syn-
thesis methods are reviewed and discussed. Superior methods 
to obtain graphene are beneficial for all electronic applica-
tions and make aqueous graphene a very promising material 
for biosensors.

17.1 INTRODUCTION

Graphene is a relatively new two-dimensional (2D) mate-
rial that has attracted significant attention due to its unique 

physiochemical properties and potential applications. The 
method to the preparation of this single-layer carbon was only 
discovered in 2004 [1]. Since then, graphene’s extraordinary 
carrier mobility, chemical, thermal, and optical properties 
have been highlighted [2–4] (Table 17.1) and researched heav-
ily (Figure 17.1).

However, the semimetal zero-band-gap electronic structure 
of both chemical vapor deposition (CVD) and mechanically 
exfoliated graphene limits its use in electronic, sensing, and 
optical applications [15]. Some approaches to create a band gap 
includes postprocessing of graphene such as lateral confinement 
[16], strain engineering [17], breaking inversion symmetry in 
bilayered graphene [18], and the usage of aqueous graphene [19].

In contrast to the other methods, aqueous graphene stands 
out particularly due to its solution-based, scalable, facile, and 
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low-cost synthesis. Thus, there is an increasing interest in 
aqueous graphene in recent years [20–23]. For these reasons, 
the subsequent sections of this chapter aim to introduce the 
reader to the properties of aqueous graphene and state-of-
the-art methods to synthesize them. After aqueous graphene 
is obtained, a reduction step is needed to reinstate the struc-
ture to reduced aqueous graphene before it can be used for 
electronic and biosensor applications. Thus, a section on the 
properties of reduced aqueous graphene and its methods to 
synthesize them is discussed. Finally, at the end of the chap-
ter, the application of reduced aqueous graphene in biosensor 
devices is demonstrated.

Before reading further, it is vital to know that one of 
the earliest-known works on aqueous graphene was docu-
mented by Brodie [24] in 1859. In his work, potassium 
chlorate (KClO3) and nitric acid (HNO3) were added to 
graphite. He found that the product (aqueous graphene) was 
dispersible in water, and not in acid and termed the product 
“graphic acid.”

In addition to Brodie’s term “graphic acid” for aqueous 
graphene, there are a lot of other terms that are used inter-
changeably in different books, journals, and communications 
to refer to aqueous graphene, that is, graphitic acid [25], gra-
phitic oxide [25], aqueous graphene [26], graphon [24], chemi-
cally exfoliated graphene [27], chemically modified graphene 
[28], and graphene oxide [13]. In this chapter, we will refer to 
single-layer aqueous graphene as aqueous graphene.

17.2  STRUCTURE AND PROPERTIES 
OF AQUEOUS GRAPHENE

The chemical structure of aqueous graphene is still being 
debated upon (Table 17.2). This is because aqueous graphene 
is a soft matter and has a nonstoichiometric molecular for-
mula. Soft materials have a large internal degree of free-
dom caused by a competition between the entropic and the 
enthalpic contributions to the free energy that occurs even at 
room temperature [29]. Aqueous graphene films can undergo 
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FIGURE 17.1 Number of publications on carbon-based materials over the past 20 years. (Adapted from Web of Science, ISI.)

TABLE 17.1
Properties of Graphene, Aqueous Graphene, and Carbon Nanotubes

References Properties Graphene Aqueous Graphene Carbon Nanotubes

Number of dimensions 2 2 1

[5,6] Oxygen moieties No Yes Yes

[5,7] Band gap No band gap Tunable Tunable

[6–8] Carrier mobility (cm2/V/s) Up to 15,000 Up to 5000 Up to 79,000

[9–11] Thermal conductivity (W/m/K) Up to 5800 Up to 3100 Up to 3500

[12–14] Optical transparency in a conductive network (%) ~98 ~98 ~85

Source: Reprinted from Carbon, 54, C. T. J. Low et al., Electrochemical approaches to the production of graphene flakes and their potential 
applications, 1–21, Copyright  2013, with permission from Elsevier.
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spontaneous modifications and reduction with a relaxation 
time of ~35 days. After this self-limiting process, the film is 
deprived of epoxy groups but remains rich in hydroxyl (–OH) 
groups [30]. This relaxation corresponds to a drop of C/O 
ratio from 0.44 to 0.38 [30]. After the self-limiting relaxation, 
the aqueous graphene’s atomic structure is still metastable. 
Aqueous graphene’s structure would change again with expo-
sure to thermal heat [31] or ultraviolet light [32] into a more 
stable form; thus, understanding only their atomic bonding 
becomes inadequate [33,34]. How aqueous graphene behaves 
in a different environment must be understood as well. A gen-
eral structure but not a definitive one can be used to describe 
aqueous graphene. We will now explore some well-accepted 
general structures of aqueous graphene.

Historically, many models of aqueous graphene had 
been proposed since Brodie’s original graphic acid synthe-
sis [24]. Brodie stated that aqueous graphene has a molecu-
lar weight of 33, suggesting that it is regular and crystalline 
[24]. Consequently, many others have supported this notion 
that the structure of aqueous graphene was both regular and 
crystalline [35,36]. Hofmann [37] then proposed that only 
epoxy (C]O]C) groups were present on aqueous graphene. 
Ruess [38] suggested the presence of ]OH thereby accounting 
for the hydrogen content. Scholz and Boehm [39] later added 
that ketone (C5O) groups were present. Then, in 1998, Lerf 

et al. [40] was one of the first to suggest that aqueous graphene 
could not have a regular structure but agreed with earlier sug-
gestions that different hydrogen and oxygen groups are pres-
ent on aqueous graphene.

Lerf et al. [40] used nuclear magnetic resonance (NMR) 
spectroscopy data to suggest a model for aqueous graphene 
that is well-agreed upon (Figure 17.2) [41–43]. The group 
showed that aqueous graphene consists of competing areas of 
unoxidized benzene rings and aliphatic six-membered rings, 
with random epoxy (C]O]C) and ]OH (C]OH) groups on 
the basal planes, and carboxyl (C]OOH) groups on the edges. 
The report also assigned the NMR lines around 60, 70, and 
130 ppm to those of epoxy (1,2-ether), ]OH, and sp2 carbon, 
respectively. These values had since been widely accepted 
[43,44]. Owing to the presence and distribution of these oxy-
gen moieties, aqueous graphene monolayers can be dispersed 
and suspended in aqueous solutions.

Then, in 2006, Szabo et  al. [45] proposed that since a 
high area of C5O satellite is present in the x-ray photoelec-
tron spectroscopy (XPS) spectra and the carboxylate peaks 
are lacking in the infrared (IR) spectrum of sodium salts 
of aqueous graphene; therefore, the C5O groups must also 
exist as ketones and/or quinones on the basal planes, in con-
trast to Lerf’s model where C5O groups only exist on the 
edges. The group also suggests that an aqueous graphene 
sheet contains two domains (a translinked cyclohexane 
chairs and a corrugated hexagon ribbons) and that the slight 
tilting angle between the boundaries of these two regions 
could cause wrinkling of aqueous graphene as shown in 
Figure 17.3.

Subsequently, Gao et  al. [46] using magic angle spin-
ning (MAS) 13C NMR reported that, in addition, five- 
and  six-membered lactol rings are present on the edges 
while esters  of tertiary alcohols are present on the basal 
planes.  The relative ratios are likely to be 115 (]OH and 

TABLE 17.2
Chemical Properties of Aqueous Graphene

References Aqueous Graphene

[29] Soft matter, metastable

[30] ~0.44 Carbon to oxygen ratio

[30] ~35 days to stabilize the chemical composition

[33,34] Chemical structure is not well understood
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FIGURE 17.2 Structural model of aqueous graphene proposed by Lerf et  al. (Reprinted with permission from A. Lerf et al., 
Structure of graphite oxide revisited, The Journal of Physical Chemistry B, 102, 4477–4482. Copyright 1998 American Chemical 
Society.)
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epoxy): 63 (sp2  carbon): 9 (ketone carbonyl): 10 (lactol, 
ester, and acid carbonyl): 3 (lactol O]C]O) on aqueous 
graphene. However, the main functional groups in aqueous 
graphene are still that of epoxy, ]OH, and carbonyl [43,46].

The arrangement of the oxygen moieties on aqueous gra-
phene is random and makes the sheet predominately amor-
phous [47]. The thickness of a fully exfoliated individual 
aqueous graphene sheet is ~1 nm [13,48,49]. This is ~3 times 
larger than the 0.334-nm interlayer distance of pristine gra-
phene due to the presence of adsorbed water from the atmo-
sphere and various oxygen-functional groups on its basal 
planes. The oxidation of sp2 to sp3 bonds also creates stress 
and this in turn creates wrinkles in the structure in an oth-
erwise-flat structure [45]; carbon atoms that have the ]OH 
group attached have a slightly distorted tetrahedral configu-
ration [40]. Thus, the average roughness of the aqueous gra-
phene sheet is measured to be about 6 Å [47]. Since all known 
C]O bond lengths are less than 3 Å, the other 3 Å or more 
variation in the roughness value must be caused by the lattice 
distortions in the aqueous graphene [50].

Aqueous graphene, unlike mesographite, is electrically 
insulating. Transmission electron microscopy (TEM) images 
(Figure 17.4) show that aqueous graphene consists of ordered 
sp2 conductive clusters isolated within an sp3 insulative matrix 
consisting of variable C/O moieties. This isolation and the 
absence of percolation pathways among the sp2 carbon clus-
ters preventing traditional carriers to flow through make 
aqueous graphene an insulator [52]. While sufficient oxida-
tion is required to exfoliate the aqueous graphene sheets from 
graphite, it also increases the percentage of the sp3 to sp2 ratio 

[53]. So, instead of an electron flowing through the π bond, 
the carrier in aqueous graphene now hops between regions of 
conductive sp2 areas and this temperature-dependent conduc-
tance can be described in the following equation according to 
Reference [54]:
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where B is the hopping parameter, N(EF) is the density of 
states near the Fermi level, Ll is the localization length of the 
electronic wave functions, and K is Boltzmann’s constant. 
Equation 17.1 represents the usual 2D variable-range hopping 
and Equation 17.2 represents a purely field-driven conduction 
independent of temperature.

Having understood the structure and properties of aqueous 
graphene, we can then appreciate the evolution and the state-
of-the-art synthesis methods to obtain aqueous graphene in 
the following section.

17.3  METHODS IN AQUEOUS 
GRAPHENE SYNTHESIS

One of the major hurdles of using aqueous graphene is the 
lack of review and comparison of a new synthesis method 
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FIGURE 17.3 (a) Surface species of aqueous graphene proposed by Szabo with the inclusion of (C5O) in basal planes. (b) Boundaries 
between domains of aqueous graphene cause folded carbon skeletons. (Reprinted with permission from T. Szabó et al., Evolution of surface 
functional groups in a series of progressively oxidized graphite oxides, Chemistry of Materials, 18, 2740–2749. Copyright 2006 American 
Chemical Society.)



291New Methods in Aqueous Graphene (Graphene Oxide) Synthesis for Biosensing

and characterization. This is of increasing importance for 
molecular electronics, sensing, and battery applications in 
which aqueous graphene of a better quality could improve the 
reported performance results with everything else held con-
stant. Not all aqueous graphene is created equal. In this sec-
tion, we will explore and discuss how the different synthesis 
methods of aqueous graphene evolved to produce larger flakes 
with higher electrical conductivity and carrier mobility.

Generally, aqueous graphene can be synthesized using 
either the bottom-up or the top-down method. The bottom-up 
method involves oxidation and dehydration of similar-scaled 
nanometer-thick graphene [55] and sugars [56], whereas 
the top-down method involves splitting of millimeter-thick 
graphite [57] (Figure 17.5).

17.3.1 bottom up

17.3.1.1 Oxygen Plasma and Ultrasonication
In the bottom-up method, pristine graphene can be posttreated 
to obtain aqueous graphene. Briefly, the pristine graphene 
can be obtained using mechanical exfoliation [4,58,59], sub-
limation [60,61], or CVD [62,63]. Mechanical exfoliation 
from highly oriented pyrolytic graphite (HOPG) produces 

graphene with the best structural integrity. It is also an eas-
ier method to produce graphene; however, it has a very low 
throughput and produces small-sized graphene sheets unsuit-
able for practical usage. Sublimation of silicon out of SiC 
wafer at high temperature produces high-quality large-area 
graphene but the costs of SiC wafers are high [60]. In the 
sublimation process, silicon sublimates from the SiC sur-
face leaving carbon behind to grow into larger domains. The 
thickness and quality of the carbon growth is dependent on 
both the silicon sublimation rate and pressure of decomposi-
tion [60,64].

The CVD method of producing graphene is the most com-
mon, scalable, and reproducible approach to graphene, but it 
is complicated and time consuming. The CVD growth of gra-
phene requires a catalyst as a substrate such as Ni [65] or Cu 
[66] on which graphene will grow during the CVD process. 
A high carbon solubility substrate such as Ni thin film allows 
the carbon to diffuse into the metal thin film at a growth tem-
perature and upon cooling, precipitates out of the substrate. A 
low carbon solubility substrate such as Cu thin film catalyti-
cally decomposes methane into radicals and then allows the 
carbon to grow into graphene by an adsorption process on the 
surface [67].

(a)

(c)

(b)

FIGURE 17.4 Aberration-corrected TEM image of aqueous graphene, with a scale bar of 2 nm, showing that sp2 islands are isolated in 
a sp3 matrix. Magnified images of (a) an oxidized sp3 region. (b) Possible mobile oxygen functionalities. (c) Graphitic sp2 region of aque-
ous graphene is shown. (K. Erickson et al.: Determination of the local chemical structure of graphene oxide and reduced graphene oxide. 
Advanced Materials. 2010. 22. 4467–4472. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)
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After obtaining the pristine graphene, oxygen plasma 
etch [55] and ultrasonication [68] can be applied to obtain 
aqueous graphene via the bottom-up method. These 
posttreatment steps add oxygen moieties by breaking the 
C–C bonds and thus changing the surface characteristic 
from hydrophobic to hydrophilic. The amount of C–C bond 
breakages on the graphene is proportional to the treatment 
time [55,68] and thus, the treatment time can be used to 
control the amount of oxygen within the obtained aqueous 
graphene. Moreover, oxygen plasma etch on graphene can 
be controlled layer by layer [69] and the increased process 
time can be used to pattern graphene [70]. However, using 
ultrasonication adds oxygen moieties predominantly at the 
edges rather than the basal planes [68]. Therefore, postpro-
cessing of graphene is the method of choice for controlling 
the amount and location of oxygen moieties of the obtained 
aqueous graphene.

17.3.1.2 Hydrothermal Method
Alternatively, aqueous graphene can also be synthesized bot-
tom up via the hydrothermal method starting from smaller 
molecules. Tang et al. [56] were able to obtain aqueous gra-
phene from sugars such as fructose and glucose. In this study, 
the sugar molecules were dehydrated under hydrothermal 
conditions and yielded aqueous graphene sheets of 20 µm 
average size. However, the reported electron mobility of 
1.07 × 10−5 cm2/Vs is still much lower than aqueous graphene 
synthesized using top-down chemical methods [71]. The main 
advantage of using this sugar dehydration synthesis method 
is because of its environmental friendliness.

17.3.2 top down

Along the first and second axis in graphite, the carbon atoms 
are held to its neighboring carbon atoms by strong covalent 
bonds. However, along the third axis, the covalent-bonded 
sheets are held together by weak van der Waals bonding (~40–
70 meV) [72]. Top-down synthesis methods aim to increase 
the interlayer distance either by oxygen moieties addition or 
electric potential usage to overcome this weak bond and thus 
separate single sheets from the bulk graphite yielding aque-
ous graphene. Top-down synthesis methods to obtain aqueous 
graphene are more commonly used compared to bottom-up 
methods.

Before we begin the section, it is to be noted that Raid 
thermal evaporation and expansion intercalation of graphite 
does produce graphite-like nanoplatelets. However, it does 
not result in the complete exfoliation of graphite into indi-
vidual aqueous graphene sheets [48,73]. One of the common 
intercalation compounds used in graphite is sulfuric acid. 
These exfoliated nanoplatelets do possess oxygen-functional 
groups on the surface, like aqueous graphene, but they are 
multilayers [74]. The thickness distribution of the graphite 
flakes ranges within a batch from 30 to 100 nm [48,75]. In 
contrast, an aqueous graphene sheet has an average thickness 
of ~1 nm [13].

17.3.2.1 Electrochemical
The electrochemical synthesis method works by oxidizing the 
graphite-working electrode. A constant potential or a cyclic 
voltammetry is applied to the working electrode and this 
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FIGURE 17.5 Schematic of aqueous graphene synthesis methods.
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leads to the formation of aqueous graphene via the intercala-
tion of anions from the electrolyte [76] (Figure 17.6). Anodic 
potential in either aqueous (e.g., acid in water [57]) or non-
aqueous (e.g., mixture of ionic liquids [77]) electrolytes could 
be used in the electrochemical method of preparing aqueous 
graphene. Carbon dioxide and carbon monoxide gas could 
be produced in side reactions if the potential is set too high 
[78]. The properties of electrochemical-synthesized aqueous 
graphene could be tuned by adjusting the electrolysis specifi-
cations and electrolytes [79]. The usage of a three-electrode 
cell system could allow greater control of the potential of the 
working electrode and also precise control on the thickness of 
exfoliated aqueous graphene [76,79].

Parvez et al. [57] reported that electrochemically exfo-
liation of graphite could yield 80% of 1–3 layers of aque-
ous graphene flakes with a lateral size of 5–10 µm and C/O 
ratio of 12.3; the working electrodes, counterelectrodes, 
and electrolytes used are natural graphite flakes, platinum 

wire, and 0.1 M sulfuric acid (H2SO4) solution, respectively. 
This is one of the highest aqueous graphene yields obtained 
using the electrochemical method in an aqueous solution. 
Some of the electrochemical means of producing aqueous 
graphene sheets and its associated yield are summarized 
in Table 17.3.

17.3.2.2 Chemical
The earliest top-down method to obtain aqueous graphene 
was through chemical oxidation from natural graphite. 
The most well-known standard chemical methods were 
Staudenmaier’s [83], Hofmann’s [84], and Hummer’s [25] 
method. All three methods require graphite to be oxidized in 
a strong acid and oxidants. Chemical synthesis methods are 
highly suitable for a facile, low cost, and large-scale produc-
tion of graphene. It is also compatible with existing semicon-
ductor-based electronics and thus is the most promising route 
to produce amperometric biosensors.

Graphite
electrode

Anodic expansion of
graphite layers (using O2)

and intercalation of negative
ions into the inner spacing

Electrochemical
exfoliation to produce
“oxidized” GN flakes

Monolayer

+++

2–10 layers

O2
O2

Negative ions
intercalating

FIGURE 17.6 Anodic oxidation, intercalation, and exfoliation process to produce single and multilayer aqueous graphene. (Reprinted 
from Carbon, 54, C. T. J. Low et al., Electrochemical approaches to the production of graphene flakes and their potential applications, 1–21, 
Copyright 2013, with permission from Elsevier.)

TABLE 17.3
Electrochemical Means of Producing Aqueous Graphene, Its Associated Conditions, Yield, and 
Characterizations Are Summarized

References
Electrochemical 

Procedure Electrolyte Product Yield (wt.%) iD/iG (Raman)
Oxygen/

Carbon Ratio

Mass/Concentration 
of GN Flakes 

Produced

[80] AO Ionic liquid and 
water mixture

AG and CNS 80 0.1 – –

[57] AO Aqueous H2SO4 AG 60 0.4 7.5 at.% 1 g/L in DMF

[81] AO Aqueous H2SO4 AG 5–8 0.6 – –

[79] AO and then CR Aqueous SDS RAG – 0.1 – 6.35 g/L in SDS

[82] AO Ionic liquid and 
water mixture

AGIL –  >1 – 0.03 g/L in DMF

[77] AO and then CR Ionic liquid AG and RAG – 0.75 (AG)
0.3 (RAG)

– 0.02 g/L in DMF

Source: Reprinted from Carbon, 54, C. T. J. Low et al., Electrochemical approaches to the production of graphene flakes and their potential applications, 
1–21, Copyright  2013, with permission from Elsevier; Reprinted from Carbon, 47, D. Yang et al., Chemical analysis of graphene oxide films after 
heat and chemical treatments by x-ray photoelectron and micro-Raman spectroscopy, 145–152, Copyright  2009, with permission from Elsevier.

Note: The table is arranged in a decreasing percentage yield order and the concentration of aqueous graphene is obtained.
 AO, anodic oxidation; CR, cathodic reduction; AG, aqueous graphene; RAG, reduced aqueous graphene; AGIL, ionic-liquid-functionalized AG; CNS, 

carbon nanostructures; DMF, N,N-dimethylformamide; SDS, sodium dodecyl sulfate.
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The earliest-known work on aqueous graphene was doc-
umented by Brodie [24] in 1859. In this work, KClO3 and 
fuming HNO3 were added to graphite to obtain aqueous gra-
phene. Then, in 1898, Staudenmaier [83] added concentrated 
H2SO4 to increase the acidity of the mixture and performed 
the experiment in a single-reaction vessel [41]. Fuming HNO3 
was used as it was a strong oxidizing agent that can react with 
the aromatic carbon ring.

Then, Hofmann’s method [84], reported in 1937, further 
improved Staudenmaier’s by using a less hazardous concen-
trated HNO3 instead of fuming HNO3. This process still took 
a week and the use of HNO3 produces nitrous gases that are 
toxic and makes the synthesis route hazardous.

Later, Hummer’s method [25], reported in 1958, made the 
chemical synthesis process more efficient and less hazardous 
because the production of nitrous gases was avoided and the 
entire oxidation process required less than 2 h. The method 
involves treating graphite with a concentrated H2SO4, sodium 
nitrate, and potassium permanganate only. Hummer’s method 
or its modified form is currently the most common method to 
get aqueous graphene.

Although Hummer’s method is less hazardous, never-
theless, the reaction still has to be performed with care; as 
the reaction between H2SO4 and potassium permanganate 
forms reactive dimanganese heptoxide, which is known to 
detonate when heated to above 55°C [85]. Equations 17.3 and 
17.4 show the reaction between H2SO4 and potassium per-
manganate to form dimanganese heptoxide (adapted from 
References 41 and 86).

 KMnO H SO K MnO H O HSO4 2 4 3 3 43 3+ → + + ++ + +
 (17.3)

 MnO MnO Mn O3 4 2 7
+ + → …  (17.4)

Different chemical synthesis methods yield different aque-
ous graphene oxidation levels and properties. Graphene syn-
thesized from Staudenmaier’s, Hofmann’s, and Hummer’s 
method with the same subsequent reduction technique, 
resulted in products that yield moderately similar properties 
except Hummer’s; where the (1) aqueous graphene product 
has the highest degree of oxidation, (2) reduced aqueous gra-
phene exhibited a higher heterogeneous electron transfer rate, 
(3) the structure showed the presence of nitrogen moieties, and 
(4) the electrochemical response showed a greater difference 
[87]. Although Brodie’s method can yield lower contamina-
tion and higher-quality graphite, the final pH of the product 
needs to be increased by the addition of NaOH or KOH to 
improve exfoliation [88]. The reagents used in the oxidation 
method have an influence on the properties of the resulting 
aqueous graphene.

Beside the reagents used in a different oxidation method, 
the resulting aqueous graphene is also heavily dependent on 
the size of the precursor graphite crystal, oxidation time, and 
graphite crystal quality. The largest size of aqueous graphene 
obtained is limited to the largest size of the graphite flakes 
from which it is chemically synthesized [52].

Oxidation time has a direct influence on the resulting aque-
ous graphene. As oxidation proceeds, the oxygen moieties on 
graphite increase and the graphite eventually loses the metal-
lic luster and becomes a brown-yellowish sludge. Also, with 
a longer oxidation time, the −OH groups in the basal planes 
convert into epoxide [89].

The quality and structure of the graphite crystals can vary 
widely because they are obtained from different manufactur-
ers, batches, and locations. Thus, it is not possible to compare 
the effects of oxidation on graphite across existing journal 
publications accurately. More comparative studies, such as the 
one conducted by Poh et al. [87] comparing a few well-estab-
lished chemical synthesis methods, using the same precursor 
graphite, are needed to shed light on the real effect of the spe-
cific oxidation step. A description on the characterization of 
the initial graphite precursor in reports could be very helpful 
for precursor standardization.

17.3.2.3 Modified Hummer’s Method
Many have improved on Hummer’s method since its introduc-
tion. Thus, Hummer’s method currently exists in many modi-
fied forms and the number of modified forms is set to increase 
in the near future (Figure 17.7). This section highlights a few 
well-cited modified Hummer’s synthesis methods.

Optimizations had been made to Hummer’s method and one 
of the well-cited modified Hummer’s synthesis involves the 
removal of sodium nitrate and the use of more quantity of potas-
sium permanganate or addition phosphoric acid to increase the 
efficiency of oxidation [90]. The main advantage of this method 
is that it does not produce toxic gases such as NO2 and N2O4 
that are associated with the original Hummer’s method.

In 1999, Kovtyukhova et al. [91] reported that an additional 
chemical preoxidation step before Hummer’s method, using 
concentrated H2SO4, phosphorus pentoxide (P2O5), and potas-
sium persulfate (K2S2O8) can result in a complete exfoliation 
of the graphite and yielded large-sized monolayered aqueous 
graphene.

Then, in 2009, Su et al. [23] used ultrasonication to sub-
stitute the chemical preoxidation step and this resulted in 
large flakes with high mobility values up to 12 cm2/Vs. With 
larger flakes, the carrier mobility and the electrical conduc-
tivity [92] can be increased while maintaining high optical 
transparencies [13].

Subsequently in 2012, Larisika et al. [13] improved on the 
synthesis method to obtain large aqueous graphene flakes 
with an average carrier mobility of 40 cm2/Vs. The group 
used ultrasonication as a preoxidation step, followed by selec-
tively taking only large floating flakes for further oxidation. 
After the preoxidation, no further ultrasonication was used 
to redisperse or exfoliate the aqueous flakes that could result 
in smaller sheets, in contrast to using the ultrasonication 
method for exfoliation [93,94]. The exfoliation of the aqueous 
graphene from the graphite core was instead performed by 
mild stirring in deionized (DI) water. The mechanical move-
ment helps the large aqueous graphene flakes that are weakly 
adhered to the core to peel off. Large-sized flakes of an aver-
age ~700 µm2 with hole mobility averaging 40 cm2/Vs were 
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produced using this method. This is by far the largest size 
and highest hole mobility recorded from aqueous graphene 
without further processing or doping.

It is noted that although preoxidation steps had been com-
monly used in the synthesis of aqueous graphene, the role and 
mechanism of preoxidation on graphite has yet to be deter-
mined. Adding a preoxidation step to Hummer’s method, was 
reported to enlarge the size of aqueous graphene from a simi-
lar precursor [23,91]. Table 17.4 summarizes notable large 
aqueous graphene flakes obtained from chemical oxidation. 
The largest flakes were obtained from a large precursor with 
the additional preoxidation step.

17.4  STRUCTURE AND PROPERTIES OF 
REDUCED AQUEOUS GRAPHENE

Most applications of aqueous graphene require a reduction 
step to restore its electrical conductivity. However, in some 
applications such as electrochemical sensing, the aqueous 
graphene is used as a synthesizer [99]. During a reduction 
process, some of the sp3 structure in the aqueous graphene 
is converted back into sp2 structure. This reduction process 
can be varied in strength, duration, and method to tune the 
resultant electrical, structural, and chemical properties of the 
resultant reduced aqueous graphene.

80

70

60

50

40

30
20
10

0
2003 2004 2007 2009

Modified Hummer’s method

2010

Publication year

Pu
bl

ic
at

io
n 

co
un

ts

2011 2012 2013

FIGURE 17.7 Number of publications on modified Hummer’s method over the past 10 years. (Adapted from Web of Science, ISI.)

TABLE 17.4
Comparison of Size and Hole Mobility of Aqueous Graphene Synthesized from Chemical Approach from Graphite 
(Arranged according to Average and Maximum Size of the Obtained Flake)

References Method Starting Material Lateral Area/Size Thickness Hole Mobility

[13] MH (with ultrasonic 
preoxidation)

3–5-mm graphite Average 700 µm2 Monolayer, ~1 nm 80°C hydrazine vapor 
average 40 cm2/Vs

[23] MH (with ultrasonic 
preoxidation)

3–5-mm graphite Up to 1000 µm in lateral size Monolayer, ~1 nm 800°C thermal 
4–12 cm2/Vs

[95] Graphite intercalation, 
followed by MH

<800-µm graphite Up to 100 µm in lateral size Monolayer, ~1 nm –

[96] MH (with ultrasonic 
preoxidation)

3–5-mm graphite Up to 50 µm in lateral size Monolayer, ~1 nm 1000°C thermal 
3.5 cm2/Vs

[90] MH ~150-µm graphite Estimated up to 50 µm in lateral 
size

Monolayer, ~1.1 nm –

[97] MH (with chemical 
preoxidation)

<0.044-mm mesh 
graphite

Up to 800 µm2 Monolayer, 0.6 nm 
(reduced layer)

–

[98] HM <0.1-mm graphite Up to 5 µm2 Monolayer, 1.0–1.4 nm –

[91] MH (with chemical 
preoxidation)

<0.044-mm mesh 
graphite

Up to 0.8 µm2 Monolayer, 1.1–1.4 nm –

Note: MH, modified Hummer’s method; HM, Hummer’s method.
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However, even after a long duration of chemical reduction, 
reduced aqueous graphene still cannot achieve a complete sp2 
structure, from a sp3 structure, comparable to that of pristine 
graphene. This limited conversion is because of the presence 
of Stone–Wales defects and holes (due to loss of carbon and 
remnant oxygen atoms). Figure 17.8 shows possible oxygen-
functional groups that are found on reduced aqueous graphene.

As the reduction of aqueous graphene proceeds, its elec-
trical resistance will exhibit a power law decay [101]. Thus, 
by varying the degree of reduction, the electrical on–off 
ratios and properties of reduced aqueous graphene can be 
tuned for different applications [52] (Figure 17.9). A mildly 
reduced sheet exhibits a high on–off ratio with its transport 
dominated by voltage-dependent carrier tunneling or hopping 
between sp2 clusters [102] and low electrical conductivity. As 
the reduction of aqueous graphene proceeds, the size of the 
sp2 domains does not increase after the removal of oxygen 
in chemical reduction. Instead, oxygen moieties are removed 
and some of the π-bonds in the carbon are restored, thus pro-
viding percolation pathways between the 2- and 3-nm sp2 
domains already present in the aqueous graphene. A heavily 
reduced sheet will exhibit a low on–off ratio with ambipolar 
characteristics and high electrical conductivity.

The electrical conductance in reduced aqueous graphene 
is finite even after a heavy reduction process due to the fixed 
sp2 domain size and the limited number of possible conduction 
pathways using most reducing methods [95] (the sp2 domain 
graphitic ring cluster size is estimated using the Tuinstra–
Koenig empirical method [103]). However, a recent report [15] 
using a new ethanol tube furnace (E-tube furnace) reduction 
method managed to increase the sp2 domain size significantly in 
reduced aqueous graphene, corresponding to a 99.8% decrease 
in electrical resistivity compared to hydrazine-reduced samples 
that we will discuss further in the next chapter.

FIGURE 17.8 Possible oxygen-functional groups and carbon arrangements formed after annealing (a) a pair of carbonyls, (b) carbon 
chain, (c) pyran, (d) furan, (e) pyrone, (f) 1,2-quinone, (g) 1,4-quinone, (h) five-member carbon ring, (i) three-member carbon ring, and (j) 
phenol. The darkest shade is oxygen, followed by carbon and no shading in hydrogen atoms. (Reprinted by permission from Macmillan 
Publishers Ltd. Nature Chemistry A. Bagri et al., Structural evolution during the reduction of chemically derived graphene oxide, 581–587, 
copyright 2010.)
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FIGURE 17.9 Conductivity of thermally reduced aqueous gra-
phene as a function of sp2 fraction from XPS. Experimental data fit-
ting reveals two different regimes for electrical transport. Tunneling/
hopping dominate transport at sp2 fractions below 0.6 while per-
colation dominated above 0.6. Three references were given as a 
comparison; values of graphene with minimum conductivity (lower 
triangle), doped conductivity of an ideal graphene (upper triangle), 
and polycrystalline graphite (square). The inset shows the evolu-
tion of an aqueous graphene structural model at a different stage of 
reduction. Darker areas represent sp2 clusters and lighter areas repre-
sent sp3 matrix. (C. Mattevi et al.: Evolution of electrical, chemical, 
and structural properties of transparent and conducting chemically 
derived graphene thin films. Advanced Functional Materials. 2009. 
19. 2577–2583. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
Reproduced with permission.)



297New Methods in Aqueous Graphene (Graphene Oxide) Synthesis for Biosensing

17.5  METHODS IN REDUCED AQUEOUS 
GRAPHENE SYNTHESIS

The earliest-known example of reduced aqueous graphene was 
reported by Brodie [24] in 1859. He reported that the oxygen con-
tent in graphite peaked after four successive oxidative treatments 
and the net molecular formula was C2.19H0.80O1.00. Thereafter, 
he heated the product at 220°C and the composition changed 
to C5.51H0.48O1.00. Since then, much research has been done on 
reducing the oxygen moieties on aqueous graphene to restore 
the electrically conductive sp2 hybridization and  graphene-like 
structure [25]. A summary of the various synthesis methods to 
reduced aqueous graphene is shown in Figure 17.10.

17.5.1 eleCtroChemiCal

The electrochemical method of reducing aqueous graphene 
has produced end products of C/O ratio of ~1:14 [104]. 
Although this C/O ratio is significantly lower and the method 
is not efficient compared to other methods, it has the advan-
tages of room-temperature operations and avoids the usage of 
toxic reagents (e.g., hydrazine and sodium borohydride). The 
electrochemical reduction can be performed simply by scan-
ning an aqueous graphene-coated glassy carbon electrode in 
a NaCl aqueous solution with a potential from 0.7 to −1.1 V. 
During the first cycle scan, an irreversible reduction peak, 
which is assigned to the reduction of the oxygen moieties on 
aqueous graphene, could be observed at −0.87 V [105].

Aqueous graphene could also be electrophoretically depos-
ited on a positive electrode with 10 V of applied voltage in 
less than 30 s as an alternative to coating or using chemicals 
to attach the aqueous graphene to the electrode [106]. This 

deposition also results in a simultaneous reduction of the 
aqueous graphene.

17.5.2 ChemiCal

Many chemicals could be used to reduced aqueous graphene. 
They include hydrazine [13,107], alcohols [108], sodium 
borohydride [109], hydriodic acid [107], strong alkaline [110], 
metal powders [111], and sulfonate-containing [112] com-
pounds. The advantages of using a chemical-reducing method 
are that it is aqueous, processable, and possible to functional-
ize or dope the aqueous graphene simultaneously.

Hydrazine is the most commonly used chemical-reducing 
agent and it can produce highly reduced aqueous graphene 
at low temperatures [13]. However, most reducing chemical 
agents, particularly hydrazine are highly toxic. Therefore, 
care and use must be minimized. It is reported that the use 
of hydrazine vapor reduction instead of liquid hydrazine is 
sufficient to reduce aqueous graphene. A small quantity of 
hydrazine is placed in a sealed container with the aqueous 
graphene-coated sample and heated to about 70°C for 16 h 
to obtain reduced aqueous graphene [13,113]. The formation 
of unsaturated and conjugated carbon atoms after hydra-
zine treatment helps restore the electrical conductivity in 
hydrazine-processed aqueous graphene [48] (Figure 17.11). 
Reduced aqueous graphene could also be dispersed in hydra-
zine, after an in situ reduction; the N2H4

+ counterions surround 
the negatively charged reduced aqueous graphene sheets and 
prevent aggregations for months [114].

However, the reduction of aqueous graphene results in the 
incorporation of heteroatomic impurities into the structure, 
due to hydrazine’s reaction with anhydrides and lactones to 
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Electrochemical 
 

Chemical Plasma �ermal 

Hydrothermal Microwave Tube furnace 
Ethanol tube
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Combination of
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FIGURE 17.10 Methods to reduced aqueous graphene.

O HO

+H2N–NH2 –N2H2–NH2N–H2O
H2N

NH

FIGURE 17.11 A proposed reaction pathway for epoxide reduction with hydrazine. (Reprinted from Carbon, 45, S. Stankovich et al., 
Synthesis of graphene-based nanosheets via chemical reduction of exfoliated graphite oxide, 1558–1565, Copyright  2013, with permission 
from Elsevier.)
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form hydrazides and in quinones to form hydrazones [48]. 
These C─N bonds formed cause the reduced aqueous gra-
phene to be n-doped after the reduction.

In contrast to the C─N residual bonds left by hydrazine 
reduction, heteroatomic C─OH ─OH groups are left by 
sodium borohydride reduction [115]. Thus, sodium borohy-
dride demonstrated a more effective reduction than hydrazine. 
In the same study, although a comparable C─O composition 
was observed between the two sheets; the sheet resistances 
of sodium borohydride-reduced films (59 kΩ/◽) were much 
lower than hydrazine-reduced films (780 kΩ/◽) [109]. The 
lower electrical conductivity in hydrazine-reduced films was 
attributed to the addition of nitrogen atoms into the struc-
ture that acted as a donor compensating the p-type holes in 
reduced aqueous graphene [1,109,116].

17.5.3 plaSma

A single sheet aqueous graphene could reach a conductivity 
plateau after 5 s of radio frequency (RF)-generated hydrogen 
plasma (30 W at 0.8-mbar, room temperature) [117]. Aqueous 
graphene can also be reduced using e-beam-generated plasma 
produced in methane/argon mixtures (−2 kV, 150-G mag-
netic field at 90 mTorr). The addition of methane (2%) into 
this e-beam-generated plasma causes a sharp decrease in the 
oxygen concentration from 37 at.% to 8 at.% after 30 s [118]. 
The transport in both optimal hydrogen plasma-reduced and 
hydrazine-reduced aqueous graphene occurs similarly via 
variable range hopping between localized sp2 states in the sp3 
matrix [54,119]. As with chemical reduction, plasma reduction 
can also add heteroatomic impurities to the reduced aqueous 
graphene. By using 1 h of nitrogen plasma (500 W at 1-Torr, 
room temperature), the addition of nitrogen was quantified by 
XPS to be 5.8 at.%, thus n-doping the reduced aqueous gra-
phene [120]. Using an optimal 3-min argon plasma treatment 
on an aqueous graphene film yielded a smooth and conductive 
sample (7.4 S/cm) in contrast to an overtreatment of 5-min 
that yielded a degraded surface morphology from ion bom-
bardment and a lower conductivity (5.1 S/cm) [121].

Although the process needs to be optimized properly and 
controlled precisely before the reduction of aqueous graphene 
is efficient, this process is potentially highly compatible with 
the existing semiconductor industry. Plasma etching is already 
a conventional technology in the semiconductor industry and 
an existing plasma-enhanced CVD chamber can be directly 
used to provide the hydrogen plasma for reduction. Moreover, 
the reduction process can be monitored via the end-point detec-
tors on the equipment [122]. Thus, the plasma reduction method 
looks very promising for scalable aqueous graphene reduction.

17.5.4 thermal

17.5.4.1 Hydrothermal
Hydrothermal reduction of aqueous graphene requires just an 
autoclave and produces uncontaminated reduced aqueous gra-
phene (as compared to hydrazine [13] or sulfonate [112] chemi-
cal reduction). During hydrothermal reduction, the molar ratio 

of sp2 to sp3 carbon can increase from 1.8 to 5.6 [44], which 
is comparable to 12-h hydrazine vapor reduction [15]. The 
high temperature (180°C) and pressure during the hydrother-
mal reaction also recovers the aromatic structures by repairing 
defects as observed in a decrease of Raman ID/IG ratio from 
0.96 to 0.90 after a 6-h hydrothermal reduction, as compared to 
an increase of 1.44 after a hydrazine chemical reduction [44]. 
A one-step hydrothermal reaction, loaded with suitable precur-
sors, could also be used to simultaneously synthesize nanopar-
ticles such as TiO2 on the reduced aqueous graphene [123].

17.5.4.2 Microwave
Aqueous graphene could be reduced in the aqueous state 
using microwave irradiation with the addition of a chemical 
reductant such as ascorbic acid (0.5 h) [124] and hydrazine 
(1000 W, 60 s) [125]. The type of solvent in which the aque-
ous graphene is dispersed had little effect on the microwave 
reduction efficiency [126]. Aqueous graphene powders could 
also be reduced in the dried solid state using microwave irra-
diation from a commercial microwave oven (700 W, within 
60 s) under ambient conditions [127]. The absence of water 
in the precursor aqueous graphene caused a stronger and 
more efficient reduction. Aqueous graphene powder precur-
sor dried at 120°C before the microwave reduction resulted 
in an explosive-like exfoliation reaction and more efficient 
reduction with a higher 2D band full width at half maximum 
(FWHM) of 600 cm−1 compared to precursors dried at room 
temperature with a 2D band of only 570 cm−1 [128].

The π–π conjugated region is vital for the transformation 
of microwave energy to heat and causes the avalanche-like 
deoxygenation process reaction; the microwaves cause super-
heating of the graphene and this heat could be quickly dis-
sipated via the π electrons to an aqueous graphene region 
contribution to its deoxygenation [129]. The C/O ratio can 
be increased from 0.79 to 2.75 after a microwave reduction 
of dried aqueous graphene powders [127] and the resultant 
microwave-reduced aqueous graphene consists of crumpled, 
few-layer-thick sheets [125,127].

By controlling the temperature (165°C) of microwave 
reduction, the method also allows direct reduction of aque-
ous graphene flakes coated on polydimethylsiloxane (PDMS) 
polymer substrates [130]. Pd, Cu, and CuPd metal nanopar-
ticles can also be simultaneously reduced and dispersed on 
the reduced aqueous graphene by reduction of its metal salt 
solution with aqueous graphene using hydrazine under micro-
wave irradiation [125].

17.5.4.3 Tube Furnace
The thermal reduction in ultrahigh vacuum (UHV) is more 
efficient compared to an argon atmosphere, hydrogen/argon 
atmosphere, or using the hydrazine vapor chemical treatment 
(Table 17.5). With a 700°C UHV tube-furnace heat treatment, 
the XPS C1s/O1s ratio of aqueous graphene can be increased 
from 2.8 to 13.2 [113]. Using the empirical Tuinstra–Koenig 
relation, the sp2 graphitic domain size on the reduced aqueous 
graphene was observed to increase from ~2.5 to ~2.8 nm after 
heat treatment of above 1100°C [5]. This self-healing of the 
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carbon lattice vacancies in aqueous graphene becomes less 
effective with an increasing number of initial vacancies [131].

The epoxy coverage on the precursor aqueous graphene, 
the substrate on which the aqueous graphene is attached and 
the gas precursors used during the thermal reduction could 
alter the properties of the final reduced aqueous graphene. 
The lattice damage of reduced aqueous graphene after a ther-
mal reduction is proportional to the preexisting surface den-
sity of epoxy species. At low epoxy coverage, the epoxy can 
undergo reversible desorption while at a higher coverage, it 
becomes the precursor for the release of CO and CO2 gases, 
thus leading to lattice damage [132]. It is also reported that 
vacuum annealing at 500°C decreases the electrical resistivity 
of bilayer aqueous graphene but not of monolayers, suggesting 
that substrate interactions, such as substrate surface rough-
ness or aminopropyltriethoxysilane (APTES), could restrict 
the thermal healing process on a layer closest to the substrate 
[117]. Also, by simply adding ammonia (NH3) into the ther-
mal annealing process, n-doped reduced aqueous graphene 
with C─N bonds can be obtained in the carbon structure [133], 
thus altering the properties of reduced aqueous graphene.

17.5.4.4 Ethanol Tube Furnace
Carbon loss as CO2 and CO gases is observed during the ther-
mal reduction of aqueous graphene in UHV starting from 
70°C [134] resulting in vacancies and topological defects in the 
reduced aqueous graphene [135]. Thus, the addition of other 
carbon-containing reactants could help aqueous graphene to 
regain the electrical and mechanical properties of pristine 
graphene [134]. Using carbon sources at elevated tempera-
tures and atmospheric pressure, similar to the CVD growth of 
the carbon nanotubes setup [136], resulted in a more effective 
reduction of aqueous graphene [22]. An enlargement of the sp2 
domain size, from 1 to 4 nm, is observed and this translated to 
higher electrical conductivity and carrier mobility compared 
to hydrazine reduced or thermally reduced samples [22]. This 
enlargement could be attributed to the thermal energy favor-
ing the clustering of the sp2 phase [137]. By increasing the 
time of E-tube furnace treatment to more than 30 min, the 
growth of reduced aqueous graphene from the preexisting 
aqueous graphene sheet was observed (Figure 17.12). Within 
2 h, the newly grown reduced aqueous graphene could fill up 
all the gaps between the existing aqueous graphene and this 

TABLE 17.5
Values of C1s/O1s (Atomic Ratios) of Thermal-Reduced and Hydrazine-Reduced 
Aqueous Graphene Samples Obtained from XPS Survey Spectra

Conditions – 200°C 500°C 700°C 900°C 1000°C

As-deposited film 2.8 ± 0.1 – – – – –

Heat treatment in Ar – 3.9 ± 0.1 6.8 ± 0.2 – – 11.36 ± 0.3

Heat treatment in Ar and H2 – 3.9 ± 0.1 7.3 ± 0.2 – 14.1 ± 0.3 12.4 ± 0.3

UHV heat treatment – – 8.9 ± 0.2 13.2 ± 0.3 – –

Hydrazine treatment 8.8 ± 0.2 – – – – –

Source: Reprinted from Carbon, 47, D. Yang et al., Chemical analysis of graphene oxide films after heat and chemical 
treatments by x-ray photoelectron and micro-Raman spectroscopy, 145–152, Copyright  2009, with permission 
from Elsevier.

Note: UHV, ultrahigh vacuum.

Before growth
(a) (b) (c)

After growth High magnification

Growth extensions

Substrate

Redued graphene oxide
1 µm10 µm10 µm

FIGURE 17.12 Scanning electron microscopy (SEM) image of (a) aqueous graphene flakes on an SiO2 substrate with ca. 60% coverage (b) 
after a 30-min E-tube furnace treatment RGO flakes and the new reduced aqueous graphene growths (lighter-shade regions) with a total of 
ca. 75% coverage. (c) High-magnification image on the new growths bridging between two reduced aqueous graphene flakes. (J. Huang, J. 
Harvey et al., Complete coverage of reduced graphene oxide on silicon dioxide substrates, Chinese Physics B, 2014. Reproduced by permis-
sion of The Royal Society of Chemistry.)
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reduced both the electrical resistance by 99.8% (E-tube fur-
nace treatment: 4.68 × 103 Ω/square, hydrazine vapor treat-
ment: 1.99 × 106 Ω/square) and its relative standard deviation 
by 79.5% compared to hydrazine vapor-reduced samples [15]. 
This was the first reported growth of reduced aqueous gra-
phene. It has been reported that the energetics of the primary 
particles dictates the new growth’s phase; if the precursor 
was metastable, the growth will follow a metastable phase 
[138,139]. This could explain the growth of reduced aqueous 
graphene during an extended E-tube furnace treatment. The 
sp2 carbon fraction could increase from 42% from aqueous 
graphene to 93% in reduced aqueous graphene after 120 min 
of E-tube furnace reduction [15,139].

17.5.5 Combination

In theory, a more complete reduction technique is a combi-
nation of techniques. Sodium borohydride eliminates the 
epoxide, alcohol, ketone, lactol, and ester groups. Then, it is 
subsequently treated with concentrated H2SO4 to dehydrate 
the alcohol groups leaving only carboxylic groups on the 
edges [41], which could finally be annealed in an Ar/H2 atmo-
sphere [46] (Figure 17.13). NaBH4 and the annealing treat-
ment can also be used to complete the reduction by hydrazine 
that only removes the epoxy and ─OHs, leaving the carboxyl 
and ─OHs intact [52]. A comparison of electrical resistivity 
between this combination method along with previous meth-
ods is presented in Table 17.6. The most efficient method of 
producing aqueous graphene of a high carrier mobility and 
high electrical conductivity is to use an improved Hummer’s 
synthesis method that yields a large-sized aqueous graphene 
flake. The most efficient single-step reduction of aqueous gra-
phene is currently the E-tube furnace heat-treatment method.

17.6 AQUEOUS GRAPHENE IN BIOSENSING

In comparison with other sensing materials, such as rare-
earth [145] or carbon nanotubes [146,147], aqueous graphene 
is a low cost and transparent material with remarkable prop-
erties, such as facile functionalization of its large detection 
area, good electrical conductivity, and biocompatibility 
[148,149]. Thus, aqueous graphene has been utilized in bio-
logical sensor devices in many different transduction modes 
[150,151]. Aqueous graphene had been applied as a substrate 
in fluorescence-quenching deoxyribonucleic acid (DNA) 
detection schemes [151–153]. Balapanuru et al. [154] and Liu 
et al. [155] studied the fluorescence-quenching properties of 
aqueous graphene in DNA biosensing. Aqueous graphene 
sheets were also employed in an array-structured biosensor to 
recognize a specific DNA hybridization [156,157]. An aque-
ous graphene sensor for the detection of multiple DNA tar-
gets in a single solution was developed by Tao et  al. [158]. 
Furthermore, fluorescence immunosensing based on aqueous 
graphene microarrays has been used to detect rotavirus [159]. 
The quenching principle of graphene has also been utilized 
for the aptamer-based detection of thrombin [160].

The electrochemical detection of DNA has also attracted 
great attention, because DNA hybridization can be detected 
directly using oxidative signals of DNA bases or by using 
electroactive labels [151,161,162]. Since, chemically reduced 
aqueous graphene provides high defect density and thus supe-
rior electrochemical performance [151], all four DNA bases in 
ssDNA/dsDNA could be detected with a high signal strength 
and higher sensitivity compared to graphite [163]. This fea-
ture was also beneficial in detecting single-base mismatches 
[163]. The electrochemical responses on reduced aqueous 
graphene were studied comprehensively for various biomark-
ers including free-DNA bases, oxidase/dehydrogenase-related 
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FIGURE 17.13 Schematic representation of a more complete reduction using a three-step reduction process, by taking into account the 
five- and six-membered lactol rings (light gray), ester of a tertiary alcohol (gray), ─OH (black), epoxy, and ketone functionalities. Note: The 
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the different functional groups.) (Reprinted by permission from Macmillan Publishers Ltd. Nature Chemistry, W. Gao et al., New insights 
into the structure and reduction of graphite oxide, 1, 403–408, 2009, copyright 2009.)
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molecules, neurotransmitters, ascorbic acid, and acetamino-
phen [164,165].

Besides aqueous graphene-based optical [166–169] and 
electrochemical biosensors [163,170–172], biological sensors 
from aqueous graphene field-effect transistors (FETs) have 
also attracted great interest. The architecture of aqueous gra-
phene FETs enables real-time, label-free yet sensitive mea-
surements from readable electrical signals that arise between 
the interactions from the target biomolecule and the FET 
transducer surface [150,173–176]. In conjunction with facile 
on-chip integration, high transconductance, and cost-effective 
fabrication, FET-based biosensors have become an excellent 
alternative to existing biosensor technologies [150,173].

In recent years, FETs based on thermally or chemically 
reduced graphene oxide have been successfully utilized to 
detect DNA hybridization by monitoring the conductance 
change of the FET device [150,157,177]. Stine et al. [157] used 
reduced aqueous graphene modified with DNA for detecting 
ssDNA with a detection limit of 10 nM.

Agarwal et al. [178] demonstrated the biocompatibility of 
reduced aqueous graphene by functionalizing the FET device 
with proteins to detect various metal ions [179]. He et al. [21] 
fabricated a reduced graphene oxide biosensor for detect-
ing the dynamic secretion of hormonal catecholamine from 
live cells.

Dong and coworkers reported the fabrication and operation 
of a highly sensitive and selective thermally reduced graphene 
oxide FET decorated with gold nanoparticle–antibody conju-
gates for the detection of protein-binding events [180]. This 
approach of modifying the graphene surface with nanopar-
ticles to increase the number of probe molecules at the FET 
gate is beneficial in terms of a linear and enhanced sensor 
response [151].

The applications of graphene-based nanomaterials in 
biosensor platforms are manifold and have been proven by 
various studies. However, a large amount of work is needed 
to expand and adapt this biosensing technology to differ-
ent areas. Commercially viable sensors must operate under 

TABLE 17.6
A List of Reducing Methods with Resulting Reduced Aqueous Graphene Properties (Arranged according to 
Monolayer Electrical Resistivity If Applicable)

References
Starting Aqueous 

Graphite
Reduction 
Method Reagent Reaction Condition

Electrical Properties of Reduced 
Aqueous Graphene

[13] MH Chemical Hydrazine vapor 70°C, 16 h 145 kΩ/◽, 98.3% transmittance, and 
159 cm2/Vs hole mobility

[15] MH CVD Ethanol, hydrogen gas 950°C, 120 min 4.7 kΩ/◽, 191 cm2/Vs hole mobility (three 
layers)

[22] MH CVD Ethanol, hydrogen gas 1000°C, 30 min 15 kΩ/◽, 96.2% transmittance, and 
210 cm2/Vs hole mobility (~2–3 layersa)

[109] MB Chemical Sodium borohydride and 
sodium hydroxide

Room temperature, 2 h 26.6 kΩ/◽, 93.6%
(~3–4 layersa)

[46] MH Chemical and 
thermal

Sodium borohydride, 
H2SO4, and then thermal 
annealing with H2

1100°C (total reaction 
time ~14 h)

2.02 × 104 Sm−1 conductivity (multilayer)

[141] MH Chemical Sodium hydride Room temperature, 
10 min

Up to 1.0 × 104 Sm−1 , up to 600 cm2/Vs 
hole mobility

(multilayer)

[111] MH Chemical Aluminum powder and 
hydrochloric acid

Room temperature, 
30 min

2.1 × 103 Sm−1

(multilayer)

[142] MH Chemical Sodium–NH3 solution 78.5°C, several 
minutes

 ~350 Ω/◽, ~80% transmittance,
and 123 cm2/ Vs hole mobility
(~11–12 layersa)

[122] – Plasma Hydrogen plasma 
(200 W)

20 mTorr, 150°C, 
and 18 s

245 kΩ/◽, 20 nm
(multilayer)

[143] MH Photocatalytic Ultraviolet light with 
titanium oxide

450-W xenon arc 233 kΩ reduced to 30.5 kΩ
(multilayer)

[110] MH Chemical Sodium hydroxide with 
ultrasonication

90°C, few minutes –

[28] MH Solvothermal Water 200°C, 48 h –

[144] MH Electrochemical Na2SO4 (0.1 M), Nafion 0–1.1 V, 200 mV/s –

a Number of layers estimated from film transparency readings (taking 1.7% absorbance per layer).
Note: MB, modified Brodie’s method; MH, modified Hummer’s method.
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various partially harsh conditions or measure multiple targets 
and be stable for a longer time [181]. Medical applications for 
graphene-based immunosensors may include the detection of 
low quantities of cancer biomarkers. Such devices are benefi-
cial in terms of early detection of serious diseases, resulting 
in a contemporary successful treatment [181]. For the devel-
opment of such a sensor system, multiplex detection of vari-
ous cancer biomarkers comes into consideration, since it is far 
more likely that cancer can be detected at the early stage [182].

Further potential applications include the food production 
industry as well as the environment through the detection 
bacterial and viral pathogens in food or a diverse range of 
toxins [181].

17.7 CONCLUSION

Extraordinary electrical, chemical, and optical proper-
ties along with a facile, low cost, and aqueous-processable 
route suggest that aqueous graphene will be introduced in a 
wide variety of biosensors. New synthesis methods such as 
improved chemical oxidation, synthesis of large aqueous gra-
phene flakes, and the extended growth of graphene show a 
good potential for the next generation of biosensors. Aqueous 
graphene had shown promising sensitivity and selectivity in 
FET biosensors. The future of aqueous graphene is highly 
promising although more research work is needed to fully 
explore and control the benefits of this remarkable material 
and convert these works into practical biosensors.
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18 Graphene Chemiresistors as pH Sensors
Fabrication and Characterization

Nan Lei, Pengfei Li, Ali Hashmi, Wei Xue, and Jie Xu

ABSTRACT

Keeping a check on pH level is extremely critical for certain 
physiological events. Ever since its discovery, graphene has 
rapidly found applications in microelectromechanical systems 
and nanoelectromechanical systems technology, particularly 
as sensors. Graphene has been utilized for sensing humid-
ity, hazardous gases, flow, temperature, light, and for very 
broad applications in biomedical sciences. Recently, some 
efforts have been made toward developing pH sensors using 
graphene. In this chapter, we characterize the fabrication and 
performance of a simple gate-free graphene pH sensor. The 
simple configuration, miniaturized size, and the integration 
ability make graphene-based sensors promising candidates 
for future micro/nanoapplications.

18.1 INTRODUCTION

Advancements in material sciences are currently on a rapid 
course to revolutionizing many fields, such as biology, medi-
cine, and engineering. Especially novel nanomaterials have 
enabled the creation of both simple and sophisticated instru-
mentation for sensing and actuation purposes, which have 
greatly facilitated innovations and breakthroughs in the 
areas of genomics, clinical diagnostics, and pharmaceutics 
over the past decade. Speaking of sensing, the stimuli that 
most sensors detect range from magnetic to thermal, optical, 
mechanical, or electrical signals. With the advent of micro- 
and nanotechnology, sensors have also been scaled down 
considerably; pressure sensors (Bryzek and Mallon 1997), 
accelerometers (Wang et al. 2002), and flow meters (Ma et al. 
2009) are a few known successful stories. Moreover, in recent 
years, miniaturization has renewed interest in biology, chem-
istry, and medicine (Kovarik et al. 2013) allowing chemical 

environments to be probed at unprecedented temporal and 
spatial resolutions. Besides increased resolutions, the high-
throughput ability, the ability to handle tiny amounts of speci-
men, and perform myriads of parallel operations—especially 
in microfluidic systems (Sia and Whitesides 2003; Ohno et al. 
2008)—are a few of the many advantages that have resulted 
due to the miniaturization of devices—particularly sensors 
(Esashi 2012). Newly found materials, whether synthetically 
tailored or obtained from nature, are enabling technologists 
and engineers to rethink and reshape sensors more simply and 
inexpensively, while adding favorable factors to the device 
design, such as device portability and disposability (Shi et al. 
2008; Godino et al. 2012).

One star material that is playing the cardinal role in 
this transformation is graphene (Geim and Novoselov 
2007; Geim 2009). Graphene is a two-dimensional atomic 
arrangement of carbon atoms in a chicken-wire-like pat-
tern. Ever since its discovery in 2004 by a team of physi-
cists at Manchester University (Novoselov et  al. 2004), 
graphene has caught the widespread attention of physicists, 
engineers, chemists, and biologists alike; the reason being 
its unusual properties. Graphene outperforms several of its 
rival materials altogether in terms of its mechanical, elec-
trical, and physical properties. Mechanically, graphene has 
been crowned as one of the toughest materials ever to be 
discovered—with a Young’s modulus at a record of 1 TPa 
(Lee et  al. 2008). Electrically, the unique arrangement 
of carbon atoms in graphene with their π (valence band) 
states and π* (conduction band) states coincident at Dirac 
points and massless fermions roaming around in the flat-
land bestows graphene with superior electrical conductivity, 
higher carrier mobility, and capacity (Novoselov et al. 2004, 
2005; Han et al. 2007; Schedin et al. 2007; Meric et al. 2008; 
Elias et al. 2009). Physically, the symmetric topology makes 
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graphene amenable to chemical and physical modifications, 
and its one-atomic thickness makes it the ultimate thin mem-
brane for a wide variety of applications (Jiang et al. 2009; 
Wang and Karnik 2012). In summary, the combination of 
an unprecedented superiority of electrical, mechanical, and 
physical properties makes graphene an ideal candidate for 
sensing applications, particularly chemical sensing, as it can 
provide a label-free, miniaturized, electrochemical platform 
(Avouris 2010; Yang et al. 2010). A literature search reveals a 
wide range of nanotube, nanowire, and graphene-based sen-
sors for various applications (Cui et al. 2001; Besteman et al. 
2003; Chen et al. 2003; Zheng et al. 2005; Abe et al. 2008; 
Elfstrom et al. 2008; Maehashi et al. 2009; Martinez et al. 
2009; Li et al. 2011a), albeit, our focus is strictly limited to 
the fabrication and characterization of graphene chemiresis-
tors for pH sensing.

Before we proceed to shedding light on graphene-based pH 
sensors, it is of utmost importance to first justify, why pH sens-
ing is important. As most biochemical reactions in the intra-
cellular and extracellular environments thrive only at specific 
pH values (with buffers to maintain a steady state), it is crucial 
to detect the pH and constantly monitor it. Furthermore, pH 
sensing is not just limited to biological reactions, but is rel-
evant to various industrial processes (in the textile, pulp and 
paper, and chemical industries to name a few) that require a 
specific pH for operation. Currently, many methods can be 
used for detecting pH values in solutions. Table 18.1 lists a 
few pH-sensing technologies along with their advantages and 
disadvantages.

In spite of the tremendous advantages of graphene-based 
sensing technology over conventional sensing methodologies, 
the limitations of current schemes for the detection as well as 
mass production of graphene sheets stand as ultimate chal-
lenges that need to be overcome to commercialize graphene-
based sensors. Astonishingly, graphene is not hard to generate, 
considering the fact that it is produced every time a graphite 

pencil is used, as the graphite gets cleaved onto a piece of 
paper. Nonetheless, it is extremely difficult to isolate a single 
sheet of graphene from a large haystack comprising of crys-
tallites with varying sizes and thicknesses. One half of the 
trouble is figuring out how to effectively produce large areas 
of single-layered graphene sheets and the other half is devis-
ing imaging and detection technologies that can aid in iso-
lating graphene sheets by offering enhanced resolution at the 
atomic scale. One intrinsic challenge with the current technol-
ogies that are capable of offering such resolution including the 
atomic-force, scanning tunneling, and electron microscopes 
is that, either they offer a low throughput or have mixed 
signatures when it comes to detecting graphene from flakes 
with multiple thicknesses. Furthermore, techniques such as 
Raman microscopy, which has recently been demonstrated as 
a powerful tool for identifying graphene sheets (Ferrari and 
Basko 2013), have not yet been automated to allow the search 
for single-layered graphene crystallites. Currently, the most 
convenient way to produce graphene is by cleaving graphite 
with a scotch tape and then transferring the graphene onto an 
oxidized silicon wafer. The wafer is scanned under an optical 
microscope to detect graphene. Despite being transparent, the 
thin flakes residing on the wafer change the color of light—as 
a result of optical interference—relative to the empty wafer. 
Thus, for a certain thickness of SiO2, graphene can provide 
enough signature to identify a few micron-sized graphene 
sheets amidst a haystack of thicker flakes scattered over a 
millimeter-sized area (Blake et al. 2007; Roddaro et al. 2007).

The exfoliation of graphene originally started with the 
scotch-tape method, and taking the aid of physical processes 
such as the focus ion beam (FIB) has more recently shifted to 
chemical methods for higher yields (Stankovich et al. 2007). 
However, with fast-paced developments in chemical and phys-
ical fabrication processes, it is hoped that a reliable method 
will soon be discovered to bring graphene and related tech-
nologies into the market. Besides graphene exfoliation, one 

TABLE 18.1
pH-Sensing Technologies with Their Advantages and Disadvantages

pH-Sensing 
Technology Advantages Disadvantages

Litmus Inexpensive method to distinguish acidic/alkaline environments Extremely crude technique, as no quantitative results are obtained

Hydrogel based Superior pH sensitivity ~10−5 pH units (Richter et al. 2008) Sensor spans two to three pH units (not universal) (Richter et al. 
2008)

Carbon nanotube 
based

DEP-based assembly of nanotubes makes manufacturing more 
scalable (Yang et al. 2009); versatile as it covers an extremely 
broad pH-range ~1 to 13; high sensitivity; and linear 
performance (Chien et al. 2012)

Slow release of analytes from the surface (Kong et al. 2001)

Optical pH sensing: 
absorption based/
fluorescent based

Rapid response time (Jones and Porter 1988)/LED replaces 
optical fibers (Vasylevska et al. 2007)

Expensive as it involves fiber-optical cables; selective as the 
method depends on the type of dye immobilized (Jones and 
Porter 1988)/photostability of most fluorescent particles is a 
problem at low pH (Vasylevska et al. 2007)

Glass pH electrode Broad coverage of pH range ~−1 to 12 Frequent calibration is required; error in extremely alkaline 
environment

Thin film based High integrability with microelectromechanical systems 
(MEMS)-based devices (Ying-Shuo et al. 2012)

Expensive to fabricate (Razmi et al. 2008; Ying-Shuo et al. 2012)
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must ensure proper electrical contact between graphene and 
the metal electrodes to be able to successfully fabricate a gra-
phene pH sensor. Over the years, electron beam lithography 
and dielectrophoresis (DEP) have proved to be favorable tech-
niques via which electrodes are patterned and graphene sheets 
are deposited to establish electrical contact. FIB is an alterna-
tive technology that can allow the creation of electrodes to 
create graphene–metal contact reliably and the technology 
can be explored further.

FIB systems have been produced commercially for more 
than 20 years. A typical FIB system is almost the same as an 
electron beam system, except that in FIB, a focused stream of 
gallium ions (Ga+) is used instead of a finely collimated beam 
of electrons. A major difference lies in the application of the 
two systems; electron beams are widely used for imaging; 
however, the higher kinetic energy for the same accelerating 
potential allows Ga+ to not only serve as an imaging source, 
but also for milling and depositing material. The Ga+ can be 
focused at a target material to knock out atoms from their 
positions. On the contrary, they can be used to bombard other 
atoms (e.g., platinum) to create ions that can then condense 
on a target substrate, thereby promoting material deposition, 
more commonly known as sputtering. The extremely high 
resolution (~5 nm) makes FIB an ideal technology for creating 
small-scaled micro and nanodevices; for instance, graphene-
based pH sensors can be fabricated quite conveniently without 
the need of expensive masks in the fabrication process.

As of date, electrochemical graphene-based pH sensors 
can be broadly put into two categories: chemiresistors and 
transistor-based sensors. As will be subsequently discussed, 
the former is relatively simple to fabricate than its counterpart. 
Nevertheless, the principle behind sensing in both types can 
broadly be attributed to a change in the electrical property of 
graphene due to the presence of hydroxyl (OH−) and hydroxo-
nium ions (H3O+) at the vicinity of the sensing material. If it 
is the resistance of the material used for sensing without a gate 
control, then, graphene is essentially used as a chemical resis-
tor, or chemiresistor for short.

In this chapter, we first discuss a scheme for fabricating a 
planar graphene chemiresistor for pH sensing (Lei et al. 2011) 
using FIB and later characterize the device performance. 
The following section will detail the fabrication process.

18.2 GATE-FREE GRAPHENE CHEMIRESISTOR

18.2.1 FabriCation

As the name suggests, this particular category of chemiresis-
tor does not require the creation of a gate, a configuration that 
only requires two contacting electrodes. The use of FIB to 
generate electrodes makes the fabrication process mask free, 
which is a great advantage since most conventional clean-
room microfabrication techniques often include an elaborate 
ritual with various masks and an alignment procedure. The 
gate-free device fabrication is mainly done using FIB along 
with a series of postprocessing steps that can be performed 
conveniently.

Figure 18.1 is a sketch of the step-by-step fabrication pro-
cess of the device. Graphene sheets are mechanically exfoli-
ated from bulk graphite (Kish Graphite) and transferred onto 
a silicon wafer (P/B [100], 1–10 Ω-cm, University Wafer) with 
a 285-nm thermal-oxide layer (refer to Figure 18.1a). This 
specific oxide thickness—computed from models based on 
Fresnel law—is adhered to because it permits the graphene 
sheets to become optically visible under the microscope. 
Thus, individual graphene sheets can be identified for fur-
ther processing. As mentioned before, this is by far the most 
popular method to frequently locate a few micrometer-sized 
graphene crystallites among copious thicker flakes in a milli-
meter-sized region. Often, a single graphene sheet is sufficient 
for device fabrication.

After a graphene sample is identified, platinum elec-
trodes are then patterned on two sides of the individual gra-
phene sheet. A dual-beam system (FEI Quanta 3D 200i) 
is used for this task: the FIB scans the desired regions 
and in the process deposits platinum (Figure 18.1b) and an 
electron beam simultaneously provides in situ imaging of 
the graphene (Figure  18.2a). For this purpose, the region 
of  interest—where the electrodes need to be deposited—is 
ideally positioned at the eucentric point, that is, where the 

PDMS cover
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(a)

(b)
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(d)

Pt electrode
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Graphene
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FIGURE 18.1 The scheme shows the mask-free fabrication pro-
cess of the gate-free graphene sensor. (a) Graphene is transferred 
to a Si substrate using mechanical exfoliation with scotch tape. 
(b) Platinum electrodes are constructed on the exfoliated graphene 
sheet via FIB. (c) The electrical interconnects from platinum are 
extended by creating silver electrodes with silver paint. (d) A PDMS 
cover is bonded with the Si-substrate to cover the silver electrodes to 
prevent silver particles from leaking and contaminating the platinum 
electrodes. (The source of the material Lei, N. et al., 2011, Simple 
graphene chemiresistors as pH sensors: Fabrication and character-
ization, Measurement Science and Technology 22 (10):107002, is 
acknowledged.)
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FIB and the electron beam cross one another. Moreover, 
the sample stage is tilted at 52°. At this angle, the FIB is 
directly incident upon the graphene sheets. The highly 
focused platinum ions are released from the disassociation 
of an organometallic precursor (methylcyclopentadienyltri-
methyl platinum) introduced as a gas via an injection nee-
dle system. The release of precursor gas molecules coupled 
with the raster beam deposit platinum ions at desired areas 
only in a controlled way. With the sophisticated process 
capability, platinum lines can be fabricated directly over 
the desired area of graphene with approximately 20-nm 
precision.

Both the voltage and the current of the source were regu-
lated to prevent graphene sheets from being damaged by the 
incoming ions. As a precautionary measure, a couple of con-
tact electrodes (10 µm × 100 × 100 nm) were first deposited 
with an ion current of 4.0 pA under an acceleration potential 
of 16.0 kV . This was followed by the deposition of two more 
electrodes (200 µm × 10 µm × 100 nm) under a relatively 
higher potential of 30.0 kV and a higher ion current ~0.5 nA 
to expand the contact electrodes. Figure 18.2b shows a micro-
scopic image of a graphene sheet with platinum electrodes on 
both ends. To expand the platinum contact electrodes further, 
two millimeter-sized testing pads (as sketched in Figure 18.1c) 
were painted scrupulously using a conductive silver paint 
(SPI 05001-AB) with the aid of a stereo microscope (Nikon 
S2800). In the conclusive step, polydimethylsiloxane (PDMS) 
(Dow Corning Sylgard 184) covers were cured over the silver 
electrodes (Figure 18.1d) as a preemptive measure to curb any 
possible diffusion of silver particles toward platinum elec-
trodes and ultimately being the reason for the contaminated 
electrodes.

A literature search reveals that the contact resistance of 
a metal–graphene interface can be affected by configura-
tion (Matsuda et al. 2010) and temperature (Xia et al. 2011). 
Therefore, an annealing step is performed at 200°C for 
approximately 50 min to enhance the electrical interconnec-
tion (Shao et al. 2008). Additionally, the I–V characteristics 
of the graphene device (see Figure 18.3) are tested before 
and after annealing to note the differences, if any. It can be 
deduced from the graph that the postannealing I–V charac-
teristic curve is symmetrical, which may be due to the sym-
metrical configuration of two oppositely connected Schottky 
diodes formed by graphene–metal conjunctions (Islam et al. 
2011). On the other hand, the IV-characteristic curve prior 
to annealing is asymmetrical and a very likely reason for 
this might be attributed to a poor electrical contact, which 
improved after the annealing process.

Although the FIB machine utilized for creating the planar 
chemiresistor is an expensive one, but it is to be borne in mind 
that as long as FIB is accessible, the extra cost of fabrication 
will be minimum; this is so because FIB eliminates the need 
of a photomask, photoresist, and expensive photolithographic 
equipment. The planar orientation of the chemiresistor made 
possible with FIB and silver paste coating tends to reduce the 
fabrication time and holistically reduces the device complex-
ity relative to a three-dimensional configuration. Therefore, 
this method is very suitable for a quick prototype of graphene 
devices for research and development.

18.2.2 deviCe CharaCterization

To perform experiments, the device is first exposed and left in 
the open air to stabilize its resistance. A sequence of droplet 
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FIGURE 18.2 (a) The sketch shows the working principle of the 
dual ion beam system; the Si-substrate with graphene sheets is tilted 
at 52° to make the FIB directly incident on the substrate. The region 
of interest is positioned at the eucentric point. The FIB assists in plat-
inum ion depletion from an organometallic precursor gas injected 
into the chamber. The electron beam provides the in situ imaging of 
the graphene sheet. (b) A microscopic view of a graphene sheet con-
nected by two platinum electrodes fabricated with FIB. (The source 
of the material Lei, N. et al., 2011, Simple graphene chemiresis-
tors as pH sensors: Fabrication and characterization, Measurement 
Science and Technology 22 (10):107002, is acknowledged.)
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FIGURE 18.3 I–V curve of the device before and after anneal-
ing. The asymmetrical characteristic curve before annealing may 
be due to bad electrode contacts between the graphene and plati-
num. On the other hand, after annealing, the I–V curve becomes 
symmetric, and this insinuates toward an improved electrode inter-
connection. (The source of the material Lei, N. et al., 2011, Simple 
graphene chemiresistors as pH sensors: Fabrication and character-
ization, Measurement Science and Technology 22 (10):107002, is 
acknowledged.)
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deposition and subsequent drying is carried out to test the 
device responsiveness to pH and variations in pH (refer to 
Figure 18.4 for the experimental setup). A drop is dispensed 
on top of the sensing region—situated between the PDMS 
cover pieces—and approximately 1–2 min are allowed for the 
device resistance to stabilize. During the whole period, the 
resistance of the device (I–V characteristics) is continuously 
recorded under constant current using a semiconductor device 
analyzer (Agilent Technologies B1500A). Once the resis-
tance stabilizes, the droplet is sucked back and the process 
is repeated with different pH buffers. Nevertheless, the pH 
of the buffer solutions (standard buffer solutions from Fisher 
Scientific) tested ranged from 4 to 10.

18.2.3 pH SenSitivity

The result of the transient measurements of the device con-
ductivity—under a constant current of 10 µA—in response to 
the treatment of graphene with different pH buffers are pre-
sented in Figure 18.5a. Note that a second graph (Figure 18.5b) 
showing the corresponding resistance is drawn with the time 
elapsed between the droplet removal and addition removed. 
As can be seen from Figure 18.5b, the resistance of the 
chemiresistor is maximum in air with an approximate value 
of 86 kΩ. As soon as a pH 4 buffer drop lands on the sub-
strate, the resistance of the device decays swiftly and attains 
a steady-state value at 59.2 kΩ. With the introduction of pH 5 
buffer on the graphene sheet, the resistance is further lowered 
by 2.2 kΩ; similar decrements in resistance are observed with 
the subsequent introduction of relatively higher pH buffers, 
that is, from pH 6 to 10. Note that as the pH of the medium 
changes, the resistance drops at first and then rises to attain 
steady-state resistance.

Figure 18.5c delineates the steady-state resistance val-
ues (represented as dots and computed using the averages of 
several values) for multiple measurements performed on one 
device using buffers with varied pH. The respective error bars 
are also shown. Since the trend of the device resistance ver-
sus buffer pH is linear, hence, a first-order correlation can be 

formulated: R = (−2.13 × pH + 66.11) kΩ. The gradient of the 
line yields the sensitivity of the device, that is, 2.13 kΩ/pH.

For adequate device characterization, standard deviation 
was utilized in conjunction with the device sensitivity to 
estimate the pH resolution, ΔpH, according to the following 
equation:

 
∆pH = σmax

k  
(18.1)

where σmax is the maximum standard deviation of resis-
tance for multiple measurements from pH 4 to 10 and k is 
the sensitivity of that device on which the measurements were 
performed.

To be able to determine the pH resolution, it is crucial 
to identify the maximum value of the standard deviation. 
Table 18.2 presents the standard deviations σ at each pH value.

While shifting through Table 18.2, σmax is found to be 
2.06 kΩ in the acidic environment and 0.71 kΩ in the basic 
environment. On the basis of the value of the device sensi-
tivity (2.13 kΩ/pH), pH resolutions are calculated to be 0.97 
and 0.33 in the acidic and the alkaline media, respectively. 
The shift between the two values is hypothesized to indicate 
a major change in the arrangement of the H3O+ (in acidic 
media) and OH− ions (in alkaline media) around the graphene 
interface. A recent study also tends to support this claim by 
showing that the OH− forms a more ordered arrangement in 
the inner Helmholtz plane of the graphene/electrolyte inter-
face than H3O+ (Ang et al. 2008).

Furthermore, the high repeatability of multiple measure-
ments for the particular device demonstrates that the graphene-
based sensors are reusable. The reusability is probably due to 
the ultrathin thickness of graphene: almost no residual can be 
left on the surface after the tested buffer drop is removed.

18.2.4 SenSinG repeatability and hyStereSiS

Performing experiments on a single device is inadequate and 
therefore, it is important to check the sensing repeatability of 

PDMS

pH buffer

Pt contact electrode

Graphene

Si substrate
SiO2 layer

Silver-testing electrode
Semiconductor analyzer

FIGURE 18.4 The sketch shows the configuration of the experimental setup: The probes of a semiconductor device analyzer are connected 
to the silver electrodes and supply a constant current to the device. A change in pH is registered as a fluctuation in voltage or resistance by the 
analyzer. A droplet of the buffer under investigation is dispensed and sucked using a syringe. (The source of the material Lei, N. et al., 2011, 
Simple graphene chemiresistors as pH sensors: Fabrication and characterization, Measurement Science and Technology 22 (10):107002, is 
acknowledged.)
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the graphene-based chemiresistor. The criterion can be checked 
quite conveniently by producing multiple devices of the kind 
and repeating the measurements. Following the notion, three 
graphene chemiresistors were fabricated using the aforemen-
tioned fabrication process. Despite the fact that all the tested 
sensors exhibited similar resistance–time behavior and further-
more, keeping in view that the fabrication process remained 
the same, the resistance values varied among the devices. Thus, 
a normalized resistance is defined to characterize the perfor-
mance of the graphene-based sensors; it is defined as

 

∆R
R

R R
R Rr

= −
−

min

max min  
(18.2)

where ΔR/Rr is the normalized resistance, ΔR is the differ-
ence between the absolute sensor resistance (R) relative to the 
lowest sensor resistance (Rmin), and Rr is the range of the sen-
sor resistance in the pH-sensing test, that is, the difference 
between the highest sensor resistance (Rmax) and Rmin.

The average values of the normalized sensor resistance 
along with their errors (associated standard deviations) plot-
ted for the three sensors as a function of pH suggests that the 

device sensitivity varies negligibly and remains almost the 
same (see Figure 18.6). This establishes the repeatability of 
pH sensitivity for multiple sensors. Moreover, note that as 
the pH is increased from 4 to 10, the normalized resistance 
decreases linearly, governed by the following relation:

 

∆R
R

pH
r

= − × +0 157 1 68. .
 

(18.3)
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FIGURE 18.5 (a) Real-time conductivity measurements of the graphene sensor when exposed to pH buffers from pH 4 to 10. 
(b) Corresponding resistance measurements of the graphene sensor with the time elapsed between the droplet removal and addition removed. 
(c) Complied resistance data from multiple measurements plotted as a function of pH values. (The source of the material Lei, N. et al., 2011, 
Simple graphene chemiresistors as pH sensors: Fabrication and characterization, Measurement Science and Technology 22 (10):107002, is 
acknowledged.)

TABLE 18.2
Standard Deviations of the Device under pH from 
4 to 10

pH Value 4 5 6 7 8 9 10

σ (kΩ) 2.06 1.63 1.75 0.89 0.13 0.71 0.36

Source: The source of the material Lei, N. et al., 2011, Simple  graphene 
chemiresistors as pH sensors: Fabrication and  characterization, 
Measurement Science and Technology 22 (10):107002, is 
acknowledged.
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Besides sensing repeatability, the graphene chemiresistor 
is checked for hysteresis since in real sensing applications, 
the pH of a media can go either way. This was done simply by 
exposing the sensor to increasing pH and the converse. Drops 
of buffers of pH 4–9, in that order, were loaded onto the sen-
sor and measurements of resistance were taken. Likewise, the 
measurements were backtracked from pH 9 to 4. Hysteresis in 
one typical device is shown in Figure 18.7 with the black line 
representing the testing sequence from pH 4 to 9 and the gray 
line showing the reversed sequence from pH 9 back to 4. As can 
be deduced by observation, the hysteresis is not appreciable 
in magnitude as it operates in a small range. The respective 

gradients of the black and the gray lines are −3.44 kΩ/pH 
value and −3.52 kΩ/pH. The negligible hysteresis makes it 
possible for the graphene chemiresistor to be used for sensing 
dynamic shifts in pH in either direction.

18.3 SENSING PRINCIPLES

The graphene chemiresistor presents an opposite trend com-
pared to a carbon nanotube-based pH sensor (Li et al. 2011b), 
albeit, the results for the pH sensitivities for the graphene 
chemiresistors conform to the literature wherein liquid-gated 
configurations were employed for pH sensing (Ang et  al. 
2008; Ohno et  al. 2009; Heller et  al. 2010). Previous stud-
ies on graphene pH sensors show a rise in the conductance 
of graphene versus gate voltage curve toward p-doping direc-
tion with an increase in the buffer pH (Figure 18.8). Because 
the chemiresistor had undergone annealing in air during its 
fabrication, the graphene becomes heavily p-doped (Ni et al. 
2010; Cheng et al. 2011) and this shifts the conductance curve 
significantly to the right and the gate-free conductance value 
to the left half of the curve. So, in the chemiresistors (with the 
gate voltage fixed at zero), this change gets translated into a 
monotonically increasing conductance, that is, as the curves 
of the gated sensors move toward the right, y-intercepts of the 
curves shift upward.

The superior sensing ability of graphene is intrinsi-
cally linked to its electronic structure. The symmetric band 
structure makes graphene responsive to chemical changes. 
Because of the ambipolar characteristics of graphene, both 
OH− and H3O+ are anticipated to be capable of modulating 
the channel conductance by doping “holes” or “electrons,” 
respectively. Therefore, a simple explanation of the graphene 
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FIGURE 18.6 Normalized resistances versus pH values for three 
graphene-based sensors indicated that the device sensitivity remains 
almost unchanged; the trend establishes repeatability of pH sensitiv-
ity for any number of sensors. (The source of the material Lei, N. 
et al., Simple graphene chemiresistors as pH sensors: Fabrication 
and characterization, Measurement Science and Technology 22 
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FIGURE 18.7 Hysteresis of the graphene-based sensor. The black 
line represents the testing sequence from pH 4 to 9 and the gray line 
shows the reversed sequence from pH 9 back to 4. (The source of 
the material Lei, N. et al., 2011, Simple graphene chemiresistors as 
pH sensors: Fabrication and characterization, Measurement Science 
and Technology 22 (10):107002, is acknowledged.)
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FIGURE 18.8 The graph qualitatively explains the monotonic 
increasing trend of the conductance measurements for the gate-free 
graphene pH sensor. With an increase in pH, the curve shifts toward 
the p-doped direction. As the tested device is originally heavily 
p-doped, therefore, the gate-free conductance (at 0 V) lies on the 
left half of the curve, and therefore, this explains why the conduc-
tance increases with the shift of the curve to the right. (The source of 
the material Lei, N. et al., 2011, Simple graphene chemiresistors as 
pH sensors: Fabrication and characterization, Measurement Science 
and Technology 22 (10):107002, is acknowledged.)
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chemiresistor-sensing mechanism is provided by consider-
ing the roles of the ions adsorbed at the graphene/electrolyte 
 interface. The ionic adsorption is intrinsically capacitive, 
implying that the H3O+ and OH− ions do not transfer any charge 
across the interface (Ang et al. 2008). Moreover, the configu-
ration of the electrical double layer at the graphene/electrolyte 
interface due to H3O+ (pH < 7) makes the graphene n-doped 
(Figure 18.9a) and due to OH− makes the graphene p-doped 
(Figure 18.9b). The change in the charge-carrier mobility as 
the H3O+ and OH− ions arrange themselves differently within 
the Helmholtz plane is detected by measuring changes in con-
ductance. The observation and explanation conforms to other 
graphene-based studies (Ang et al. 2008; Ohno et al. 2009).

Despite the attempt at explaining the physics of the sens-
ing mechanism, it should be appreciated that the mechanism 
in reality might very possibly be extremely complicated. The 
sensing mechanism of graphene, like many nanoscale materi-
als, is not immune to the effects of the substrate; Schottky 
barrier; gate capacitance; and charge-carrier mobility (Back 
and Shim 2006; Heller et al. 2008). An additional note is that, 
although the graphene chemiresistor composes of two termi-
nals and acts as a gate-free sensor, in future, a gate can be 
incorporated into the device allowing it to act as a field-effect 
transistor (FET) sensor. Recent studies have investigated the 
pH sensitivity of graphene-gated pH sensors, demonstrating 
enhanced pH sensitivity with nonzero gate voltage. However, 
the fabrication of gated graphene devices follows a very elab-
orate and complicated procedure, involving chemical vapor 
deposition (CVD) and epitaxy-grown graphene samples. As 
for a brief comparison, the planar graphene pH chemiresis-
tor offers a more simplistic design, partly due to FIB and the 
two-terminal configuration, and hence, to date, the two-ter-
minal graphene chemiresistor remains the simplest reusable 
graphene-based pH sensor. Since research on graphene plat-
forms is still in its infancy, thus, a delay is expected before 

the performance of novel graphene-based sensors can com-
pete against commercial sensors. For instance, currently, the 
commercially available pH sensors have a pH resolution of 
0.1 compared to 0.3 attainable with the chemiresistor; albeit, 
the resolution of the graphene sensor can be greatly improved 
if we can well control the doping level of graphene. Despite 
immediate challenges, the miniaturized size and the integra-
tion ability makes the graphene-based sensor more suitable 
for future micro/nanosystems, and it is anticipated that further 
research will permit further exploitation of graphene’s prop-
erties as a sensing material over conventional materials.

18.4 CONCLUSION

In summary, we have presented an overview of a gate-free 
graphene-based sensor for monitoring pH of liquid media. 
The sensor uses an exfoliated graphene membrane coupled 
with a pair of metal electrodes to sense pH of a sessile droplet. 
The resistance of the gate-free graphene pH sensor has been 
found to vary linearly in the pH range of 4–10 and has a reso-
lution of 0.3 pH. The sensor performance is comparable to 
that of commercially available pH sensors. The simple config-
uration, small size, and the ability to integrate the  nanosensor 
into various platforms make graphene-based sensors promis-
ing candidates for future micro/nanoapplications.
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19 Wet Chemical Fabrication of 
Graphene and Graphene Oxide and 
Spectroscopic Characterization

Yang Yu, Narasimha Murthy Bandaru, Lachlan James Larsen, 
Joseph George Shapter, and Amanda Vera Ellis

ABSTRACT

This chapter covers the latest advances in wet chemical 
fabrication of graphene, and graphene oxide (GO), and 
their characterization using spectroscopic techniques. 
Several wet chemical methods for graphite exfoliation 
will be discussed including (i) chemical oxidation, such 
as the Hummers and Offeman, Brodie, and Staudenmaier 
methods; (ii) intercalation with alkali metal ions and sur-
factants; (iii) solvent/surfactant stabilized ultrasonica-
tion; and (iv) liquid-phase exfoliation using solvents, such 
as N-methylpyrrolidone, N,N-dimethylacetamide, etc. In 
order to characterize the final materials, spectroscopic 
characterization such as Raman, ultraviolet visible, near 
infrared, and Fourier transform infrared spectroscopies 
will be discussed.

19.1 INTRODUCTION

Numerous physical and chemical approaches have been pro-
posed for the low-cost mass production of graphene, and are 
detailed in Table 19.1.

To produce GO the chemical approach is reasonably sim-
ple, scalable, and versatile and mainly involves the oxidation 
of graphite to graphite oxide and subsequent exfoliation into 
individual GO sheets. In general, the wet chemical production 
of GO can be categorized into four methods: (i) oxidation of 
graphite to GO; (ii) unzipping of CNTs to GO; (iii) GO syn-
thesis via intercalating agents such as organic molecules, sol-
vents, and ionic liquids; and (iv) bottom-up synthesis of GO 
by using hydrothermal carbonization (HTC). The following 
sections describe in detail some of the wet chemical methods 
for the production of graphene and GO.
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19.2 PRODUCTION OF GRAPHENE

Briefly, graphene is made up of quasi-two-dimensional (2D) 
sp2 hybridized carbon atoms arranged in a honeycomb lattice 
(six-membered ring structure) (Figure 19.1a).9,11 Each carbon 
atom in the lattice has a π orbital that contributes to a delocal-
ized network of electrons.1,12–14 Graphene can be categorized 
as three different types: single-layer graphene (SG), bilayer 
graphene (BG), and few-layer graphene (FG, number of layers 
≤10).15 To overcome the strong van der Waals energy (5.9 kJ 
mol−1 carbon) of the π-stacked layers in graphite,16 chemical 
conversion of graphite to graphite oxide followed by exfolia-
tion/reduction of GO has emerged as an alternative route to 
produce graphene in large quantities.2,17,18

19.2.1 SoniCation oF Graphite in SolventS

The sonication of graphite in solvents to produce graphene has 
been studied since early 2008 for two main reasons. First, while 
micromechanical cleavage of graphite1 is used for the produc-
tion of graphene for fundamental property studies and proof 
of concept devices, this process is not scalable for industrial 

settings. Second, the liquid-phase exfoliation of graphite oxide 
into GO produces numerous oxidative defects in the graphene 
lattice and subsequent reduction techniques cannot repair the 
GO to levels comparable to that of pristine graphene.9 To this 
end, two independent groups published the first reports of the 
exfoliation of bulk graphite into SG and FG via ultrasonica-
tion of graphite in organic solvents.6,19 Table 19.2 shows the 
more commonly used solvents for graphite exfoliation. Each is 
addressed in more detail further in the section.

In the first report Blake et  al.19 showed that natural 
graphite could be exfoliated by ultrasonication for >3 h in 
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FIGURE 19.1 The chemical structure of a single sheet of (a) graphene and (b) graphene oxide (GO). (Reprinted by permission from 
Macmillan Publishers Ltd. Nat. Chem. Gao W, Alemany LB, Ci L, and Ajayan PM,  New insights into the structure and reduction of graph-
ite oxide, 1(5): 403–408, copyright 2009.)

TABLE 19.2
Major Organic Solvents Used in the 
Exfoliation of Graphite

Solvent References

N-Methylpyrrolidone [6]

N,N-Dimethylacetamide [6]

gamma-Butyrolactone [6]

1,3-Dimethyl-2-imidazolidinone [6]

Benzyl benzoate [6]

N,N-Dimethylformamide [19]

Cyclopentanone [120]

Benzylamine [17]

ortho-Dichlorobenzene [18,21]

Hexafluorobenzene [22]

Octafluorotoluene [22]

Pentafluorobenzonitrile [22]

Pentafluoropyridine [22]

Chloroform [23]

Isopropanol [23]

Acetone [23]

1-Propanol [24]

TABLE 19.1
Major Methods Used for Graphene Production

Method References

Micromechanical exfoliation (e.g., “Scotch 
tape” or peel-off method)

[1]

Chemical vapor deposition (CVD) [2,3]

Thermal decomposition of SiC [4,5]

Solution-phase noncovalent exfoliation of 
graphite

[6–8]

Chemical reduction of graphene oxide [9,10]
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dimethylformamide (DMF). Upon centrifugation, disper-
sions containing SG and FG flakes (submicron in size) were 
obtained. This method was more thoroughly investigated by 
Hernandez et  al.6 who studied the efficacy of 12 different 
organic solvents in exfoliating graphite. They proposed that 
the energy required to exfoliate graphene should be balanced 
by the solvent–graphene interaction, especially for solvents 
whose surface energies match that of graphene. This is analo-
gous to the exfoliation of single-walled carbon nanotubes 
(SWCNTs) in organic solvents.25 Using this approach, the 
solvent N-methylpyrrolidone (NMP) was found to produce 
an SG yield of ~1 wt%, relative to the initial concentration 
of graphite, and gave dispersions of overall graphene concen-
trations of ~0.01 mg/mL. These dispersions were found to be 
stable for long time periods, up to several months, and in cer-
tain solvents such as NMP almost all flakes analyzed after 
ultrasonication and centrifugation were found to be exfoliated 
to less than five layers. Indeed, 28% of all flakes produced 
in NMP which were analyzed under transmission electron 
microscopy (TEM) were found to be SG.

Hernandez et al.6 further expanded their own work by test-
ing an additional 28 solvents for their suitability for graphene 
exfoliation.20 The main motivation for this study was to deter-
mine whether solubility parameters could be used to deter-
mine ideal solvents for graphene exfoliation. Concentrations 
ranged from 0.16 ± 0.05 µg/mL in the worst solvent (pentane) 
up to 8.50 ± 1.25 µg/mL in cyclopentanone, with >70% of the 
graphene remaining dispersed in good solvents after 250 h. 
There was however a discrepancy between the ability of a sol-
vent to disperse graphene and its ability to exfoliate FG, as 
NMP was found to be the eighth best solvent tested in terms 
of dispersion but the best when analyzing the mean number of 
graphene layers per flake.

Other solvents investigated for exfoliation and dispersion 
have included benzylamine, used to produce concentrations 
of ~0.5 mg/mL17 and ortho-dichlorobenzene.18,21 These have 
the advantage of being nonhygroscopic and not highly polar, 
when compared to popular solvents such as NMP.

While these approaches were successful in producing SG 
and FG graphene in their respective solvents, the yield was 
still quite low compared to the 1 mg/mL possible when exfo-
liating graphite oxide in organic solvents. The challenge of 
producing high-concentration graphene dispersions was taken 
up by Hernandez et al.6 They successfully demonstrated the 
use of NMP, N,N-dimethylacetamide, γ-butyrolactone, 
1,3-dimethyl-2-imidazolidinone, and benzyl benzoate as sol-
vents for production of SG. They theorized that the amount of 
graphene exfoliated, and dispersed, was limited by the amount 
of energy added to the initial graphite/solvent system.26 Using 
low-power ultrasonication baths, these initial solutions were 
ultrasonicated for up to 460 h, resulting in graphene disper-
sions of up to 1.2 mg/mL containing 4 wt% SG. It was found 
that the concentration of the final dispersion was proportional 
to the square root of the ultrasonication time, while the mean 
number of layers per flake was constant at ~3 for all times 
studied. In a further improvement, dispersion concentrations 
of up to 63 mg/mL were achieved by centrifuging dispersions 

after the initial ultrasonication, filtering the supernatant, and 
subsequently redispersing the filtrate with ultrasonication.27 
The subsequent dispersions had between 3 and 4 layers per 
flake and were of comparable size dimensions to the previ-
ously reported methods. While it was found that only concen-
trations of up to 26–28 mg/mL were able to be stably dispersed 
indefinitely, sedimentation of 63 mg/mL solutions occurred 
over a number of days, leaving a large window of available 
use. Building upon the work of Hernandez et al.6 and expand-
ing the library of available exfoliating solvents Bourlinos 
et al.22 used perfluorinated aromatic solvents. These solvents 
possess strong electron withdrawing groups and can be used 
to form an electrostatic (partially ionic) interaction between 
the π-cloud of graphene and the perfluoronated solvent. They 
examined a series of perfluorinated aromatic solvents includ-
ing hexafluorobenzene (C6F6), octafluorotoluene (C6F5CF3), 
pentafluorobenzonitrile (C6F5CN), and pentafluoropyridine 
(C5F5N) for graphite exfoliations. Significant increases in 
exfoliation yields (0.1 mg/mL) were observed compare to 
other nonfluorinated solvents.22

Despite the large steps forward in terms of dispersion con-
centrations that had been achieved in solvent exfoliation, there 
were still problems that needed to be addressed. Principal 
among these was the ultimate usefulness of graphene disper-
sions. Almost all prior work conducted in solvent exfoliation 
had been performed in high-boiling point solvents. The main 
disadvantages of this approach are the expense and toxicity of 
the chemicals involved.6,20,28 Further, the high-boiling point 
of the solvents meant that it was difficult to use any disper-
sions in subsequent applications, as waiting for the solvents to 
evaporate led to the aggregation of graphene flakes into unde-
sirable bulk crystallite structures.29 This problem has been 
addressed by a number of groups, including O’Neill et al.23 
and Choi et  al.24 O’Neill et  al.23 used three common low-
boiling point solvents, chloroform, isopropanol, and acetone 
to exfoliate graphite. While previous work had shown they 
were poor at dispersing graphene (concentrations of 1–3 µg/
mL for all three solvents), all of their boiling points are well 
below 100°C. By using the procedures honed by work with 
high-boiling point solvents, the concentration of these disper-
sions was increased from 0.1 to 0.5 mg/mL, with all flakes 
analyzed having 7 or less layers, with a mean of 3.2 layers 
per flake. The dispersions were also found to be quite stable, 
with 96% of the original graphene dispersion stable after over 
200 h in isopropanol. Work by Choi et al.24 used 1-propanol, 
with a boiling point of 97°C, even though these dispersions 
were not as concentrated as those prepared by O’Neill et al.23 
(25 µg/mL cf. 100–500 µg/mL), the lateral dimensions of the 
flakes were found to be up to 15 µm, which was an improve-
ment. Both studies showed that switching to low-boiling point 
solvents left little residue after evaporation and very little 
aggregation of graphene.

19.2.2 SurFaCtant-aSSiSted exFoliation

Surfactant-assisted exfoliation of graphite to graphene was 
first explored as an alternative to solvent exfoliation by Lotya 
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et al.7 They used a common ionic surfactant, sodium dodecy-
lbenzene sulfonate (SDBS), to produce graphene dispersions 
of up to 0.05 mg/mL. Optimized dispersions contained 43% 
of flakes (<5 layers) and an overall 3% single-layer flake yield. 
Unlike solvent-exfoliated graphene dispersions, these flakes 
had an effective charge due to the absorption of surfactant 
anions and as such the dispersions were stabilized in a manner 
consistent with DLVO theory.

Green and Hersam30 were able to selectively control the 
thickness of surfactant exfoliated graphene flakes using den-
sity gradient ultracentrifugation (DGU). Using the planar 
amphiphilic surfactant, sodium cholate, natural flake graph-
ite, and horn sonication graphene dispersions were produced. 
After centrifugation at 15,000 rpm for 1 h the resultant super-
natant solutions with concentrations in excess of 90 µg/mL 
were stable for several weeks. These dispersions were then 
processed using DGU for 24 h at 141,000 g, after which frac-
tions of varying thicknesses, defined by the number of layers 
of graphene per flake, could be collected.

Other examples of ionic surfactant-assisted exfoliation of 
graphene have come from Hasan et  al.21 who used sodium 
deoxycholate to produce polymer composites and Zhang 
et  al.31 who used pyrene derivatives to form aqueous dis-
persions. Further examples included Vadukumpully et  al.32 
who used cationic cetyltrimethylammonium bromide in 
glacial acetic acid to make dispersions which could then be 
filtered and resuspended in DMF and Sampath et  al.33 who 
used diazaperopyrenium dications to intercalate natural 
graphite and then stabilize the exfoliated graphene sheets 
through electrostatic repulsion. Dai et  al.34 reported a one-
step approach for the wet chemical production of stable, high-
concentration suspensions (0.95 mg/mL) of FG (<5 layers) 
using 1-butyl-3-methyl-imadazolium-bis(trifluoro-methane-
sulfonyl)imide ([Bmim]-[Tf2N]), and tip ultrasonication. The 
authors predicted that the surface tension35 and ionic nature 
of the ionic liquids facilitated the exfoliation of graphite and 
also increased the stability of the FG suspension produced. A 
further interesting method is the exfoliation of graphite via 
ionic-liquid-assisted electrolysis, according to a procedure 
reported by Liu et al.,36 where the electrolyte consisted of the 
ionic liquids, 1-octyl-3-methylimidazolium hexafluorophos-
phate ([C8mim][PF6]) and water.

One of the most successful examples of surfactant-assisted 
exfoliation of graphene came from Guardia et al.37 who com-
pared the use of ionic and nonionic surfactants in the exfolia-
tion of graphene. Using nine different nonionic and eight ionic 
surfactants, combined at unoptimized surfactant concentra-
tions above the critical micelle concentration, it was found that 
nonionic surfactants generally outperformed ionic surfactants 
in dispersing high concentrations of graphene. Indeed the best 
nonionic surfactants, Tween-80 and Pluronic® P-123, resulted 
in dispersion concentrations of 0.5–1 mg/mL compared with 
0.01–0.10 mg/mL for ionic surfactants. The authors pro-
posed that steric repulsion provided by the hydrophilic part 
of the nonionic surfactants extending into the water phase 
was more efficient at stabilizing the graphene sheets than the 
electrostatic repulsion provided by the ionic surfactants. This 

explanation was also supported by Smith et al.38 who found 
that steric stabilization played a large role in the final concen-
tration of nonionic graphene dispersions. However, they also 
concluded that favorable interactions of the water with ether 
and acid groups, along with possible electrostatic interactions, 
added to this stabilization. It is clear that using ionic liquids 
paves the way for promoting stabilization and further chemi-
cal functionalization of graphene in solution.

19.2.3 other approaCheS to Graphene produCtion

Approaches other than liquid-phase extraction to produce gra-
phene involve a two-step process. The first step is to produce, 
or use, what is termed expanded graphite (EG) in which the 
distance between the layers has been expanded to allow easier 
separation during the exfoliation stage. The main advantage 
of using EG is that it is a comparatively cheap starting mate-
rial. High temperature,39–41 microwave treatments,8,42 as well 
as graphite intercalation compounds (GICs) have been used 
to treat EG prior to various exfoliation steps. The simplest of 
these approaches is to heat EG40,41 and then sonicate it in the 
presence of various solvents and solvent combinations such 
as DMF and water.8 The use of gases such as NH3 during 
processing can help minimize the amount of GO produced by 
chemically reducing any GO to graphene as it is produced.39 
It should be pointed out that such approaches also started 
with graphite rather than EG. Using graphite as the start-
ing material often results in defected graphene while the EG 
approaches appear to produce graphene with fewer defects 
and less oxidation.6

Graphite intercalated with compounds has been produced 
using sophisticated fluorinated compounds such as C2FnClF2 
containing the inorganic volatile intercalating agent ClF3.

43 
The main role of the intercalant is to provide a mechanism for 
expansion of the volume between the graphite layers reduc-
ing the interactions between the graphite sheets and hence 
making the dispersion during the next process considerably 
easier. Jiang et  al.44 used ethylene diaminetetraacetic acid 
(EDTA), sodium tartrate, potassium sodium tartrate, and 
sodium citrate to efficiently intercalate graphite with subse-
quent liquid-phase exfoliation in common organic solvents to 
produce graphene.44 Interestingly, the exfoliation efficiency 
was increased by up to 123 times when sodium citrate was 
introduced into the exfoliation system consisting of graphite 
powder in dimethyl sulfoxide (DMSO).

It is important to note overly severe expansion processes 
can lead to a large number of defects in the exfoliated graphite 
providing easy dispersability but potentially compromising 
some of the desired material properties.43

A similar intercalation approach using metals or metal 
containing compounds to initiate the required expansion has 
also been demonstrated.45,46 In these cases compounds such 
as KC8, CsC8, and KNa2 have been inserted into the graphite 
lattice. Solvents, such as water or ethanol, were subsequently 
added which react with the metals to produce H2, leading 
to the desired expansion of the lattice. This was then fol-
lowed by the normal exfoliation processes. Further examples 
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include the use of chlorosulfonic acid, which acts to proton-
ate the graphite sheets thus causing electrostatic repulsion and 
facilitating easier separation,47 and the use of DNA to produce 
graphene hybrids.48 Finally, the use of super critical fluid to 
exfoliate graphite has also been reported.49 Powdered natural 
graphite was immersed in supercritical CO2 for 30 min result-
ing in rapid decompression expansion and exfoliation of the 
graphite which was then dispersed in SDS to avoid restacking 
of the graphene sheets (resulting in ~10 layers).

All these approaches have the advantage of lowering, or 
limiting, the amount of sonication required while producing 
species that can be readily dispersed in aqueous solutions.48

19.3  PRODUCTION OF GRAPHENE 
OXIDE (AND GRAPHITE OXIDE)

19.3.1 wet ChemiCal produCtion oF Go

Graphene oxide (GO) was first prepared by Benjamin C. 
Brodie in 1859,50 by treating graphite powder with a mixture 
of potassium chlorate (KClO3) and fuming nitric acid (HNO3). 
Later in 1957, Hummers and Offeman51 developed a safer 
and more efficient process using a mixture of sulfuric acid 
(H2SO4), sodium nitrate (NaNO3), and potassium permanga-
nate (KMnO4). This method is by far the most widely used 
as a general wet chemical method for bulk production of GO 
from graphite flakes. In general for the chemical production 
of GO from graphite powder, the first process is the oxida-
tion of graphite to graphite oxide. Graphite oxide is a layered 
stack of puckered GO sheets52 with an AB stacking struc-
ture containing functional groups such as epoxides, ketones, 
hydroxyls, and carboxylic acids spread across the graphene 
basal plane sheets.53,54 These functional groups increase the 
interlayer spacing between the sheets and weaken the van 
der Waals forces between adjacent graphite oxide layers. 
With sonication in water, or various solvents,55 a suspension 
of exfoliated individual GO sheets (see Figure 19.1b) is sta-
bilized by solvent molecules through hydrophilic, hydropho-
bic, and electrostatic interactions.56 During the oxidation of 

graphite to GO, the contiguous aromatic lattice of graphene 
in graphite increases from an interlayer spacing of 0.34 nm to 
greater than 0.63 nm for GO.57

Unlike graphene, which is hydrophobic and has low solu-
bility in most solvents, GO can be easily dispersed in water 
and various organic solvents (e.g., DMF, THF, and NMP) 
(Figure 19.2). Furthermore, single- or few-layer GO can be 
obtained by simple sonication of GO powder, as a result 
the surface functionalities weakening the platelet–platelet 
interactions.58,59

19.3.2  oxidation oF Graphite to Go uSinG 
hummerS, Staudenmaier, and brodie methodS

The oxidation of graphite powder to GO can be achieved by 
using three different methods: (i) Hummers and Offeman 
method,51 (ii) Staudenmaier method,60 and (iii) the Brodie 
method.50 All three methods follow similar experimental pro-
cedures but use different strong oxidizing agents in order to 
oxidize graphite powder. The Hummers and Offeman method 
uses a mixture of H2SO4, NaNO3, and KMnO4 while the 
Staudenmaier method uses a mixture of H2SO4, HNO3, and 
KClO3, and the Brodie method uses a mixture of HNO3 and 
NaClO3. In the Hummers method graphite powder is mixed 
with the oxidizing agents with vigorous stirring at 0°C. As the 
reaction proceeds a brownish gray suspension is produced. 
This suspension is then diluted with water and further treated 
with hydrogen peroxide to reduce any residual permanganate 
to soluble manganese sulfate. Upon treatment with the perox-
ide, the suspension turns bright yellow. To remove the man-
ganese sulfate and other residues, the suspension is filtered 
and washed several times with water to obtain a yellow-brown 
GO filter cake. This cake can easily be dispersed in water to 
prepare a GO suspension or dried in a vacuum oven at 60°C 
for >4 h to produce GO powder.

The Hummers and Offeman and Staudenmaier methods 
are known to produce GO with a high degree of oxidation, 
whereas the Brodie method produces GO with a low degree of 
oxidation.61 Furthermore, GO synthesized using the Hummers 
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and Offeman or Brodie methods are significantly different 
with respect to solvation and exfoliation properties. For exam-
ple, GO produced via the Hummers and Offeman method is 
more easily intercalated by solvents and exhibits osmotic-type 
swelling.62 In contrast, GO produced via the Brodie method 
exhibits crystalline type swelling with step-by-step insertions 
of solvent molecules.63

The most important limiting factor of preparing GO on 
a large scale is the fact that all previous methods described 
rely on slow filtration methods for the isolation of the final 
product. This also requires large amounts of water in order 
to remove residual acids and inorganic salts. Furthermore, it 
should be noted that all three procedures generate toxic gases, 
NOx, and/or ClO2, the latter being explosive.

19.3.2.1  Improved/Modified Hummers 
Method for GO Synthesis

In order to avoid the toxic gases (NOx) in the Hummers 
method, Marcano et al.64 developed a method which excludes 
NaNO3, increases the amount of KMnO4 and performs the 
reaction in a 9:1 (v/v) mixture of H2SO4 and H3PO4. This 
method improved the efficiency of the graphite oxidation 
process and produced larger amounts of hydrophilic GO 
compared to the original Hummers method. Interestingly, 
Marcano et al.’s64 method produced more oxidized GO than 
the Hummers method, however, once both types of GO were 
reduced in a hydrazine environment both exhibited similar 
electrical conductivities.

The large-scale synthesis of GO sheets with controlled 
size has been developed by simply controlling the oxida-
tion and exfoliation procedures. For example, Xu et  al.65 
 prepared mildly oxidized graphene oxide (MoGO) via a 
modified Hummers method. The authors reduced the amount 
of KMnO4 to 1 wt. equiv. with respect to graphite powder 
which resulted in MoGO with good dispersibility (~1 mg/mL) 
in water and also high graphitic crystallinity. The authors 
also highlighted a significant improvement in the electrical 
 properties of reduced MoGO, a result of its low degree of oxi-
dation and low-defect structure.

In addition to the previously described oxidization  methods 
Wojtoniszak et  al.66 examined a new oxidizing system con-
taining a mixture of perchloric acid, nitric acid, and potas-
sium chromate. They studied the effect of oxidation time, 
temperature, and ultrasonication time on graphite  exfoliation 
and after Raman spectroscopy and atomic force microscopy 
(AFM) analysis showed that graphite oxidized for 24 h at 
50°C produced five-layered GO. Furthermore, when the 
oxidation time and temperature were increased to 48 h and 
100°C, graphite was exfoliated to single-layer GO.

Similarly, Chen et  al.67 studied the effect of oxidation 
time and oxidant concentration on the size of the GO sheets 
 produced via wet chemical exfoliation. GO sheets with differ-
ent sizes of 59,000, 22,000, 3500, and 550 nm2 were obtained 
by using the modified Hummers method, wherein graph-
ite was subjected to a gradual increase in oxidation time. 
Thermogravimetric analysis and Raman spectroscopy results 
showed that high amounts of oxidants and longer exfoliation 

times introduced more defects and functional groups on the 
GO sheets, which eventually reduced the size of the GO 
sheets.

19.3.3  Go SyntheSiS via unzippinG 
oF Carbon nanotubeS

Recently, Kosynkin et  al.68 synthesized GO by unzipping 
CNTs. A mixture of H2SO4 and KMnO4 was used to cut and 
open the CNTs lengthwise, resulting in flat ribbons of single-
layer GO sheets with the edges capped with ketone, epoxide, 
and hydroxyl functional groups. The authors claimed that this 
method was simple, efficient, and potentially scalable. The 
authors postulated that the unzipping of the CNTs occurred 
through the intercalation of potassium ions with the oxidized 
CNT edges followed by sequential longitudinal splitting of 
the CNT walls to yield GO nanosheets.

Our group has demonstrated wet chemical production of 
GO by unzipping single-walled CNTs in N-methylpyrrolidone 
(NMP) solvent.69 After the unzipping, we controlled the 3D 
architecture of the GO via self-assembly onto silicon sub-
strates via solvent-mediated volume-controlled growth, which 
resulted in flower-like structures forming on the substrates. 
These “GO flowers” exhibited bright photoluminescence 
and a photoresponse demonstrating their potential use for 
advanced optical and electronic applications.

Tour et al.70 used a combination of strong and mild acids 
(e.g., H2SO4 [90 vol%] and trifluoroacetic acid or H3PO4 [10 
vol%]) to obtain a more controlled oxidation/unzipping of 
CNTs to produce GO nanosheets. The addition of a mild acid 
controlled the oxidation step by forming vicinal diols on the 
basal plane of graphene, thereby preventing their overoxida-
tion to diones and subsequent electron–hole generation, yield-
ing high-quality GO nanosheets with fewer defects.

Jiao et  al.71 presented a modified method to unzip CNTs 
using a simple two-step process. First, multiwalled car-
bon nanotubes (MWCNTs) were calcined in air at 500°C to 
remove the impurities and etch/oxidize the MWCNT defect 
sites. The MWCNTs were then dispersed in a 1,2-dichloroeth-
ane solution of poly(m-phenylenevinylene-co-2,5-dioctoxy-p-
phenylenevinylene) via sonication, during which the calcined 
MWCNTs were shown to unzip into nanoribbons with high 
efficiency. By using this method the authors reported the yield 
of high-quality GO nanoribbons (width 10–30 nm), which 
far exceeds those of previous methods.68,72 They called this 
method “sono-chemical cutting of CNTs.”

19.3.4 Go SyntheSiS via interCalatinG aGentS

19.3.4.1  GO Synthesis via Intercalation of 
Solvent and Organic Molecules

Solvent-mediated exfoliation is very appealing from a chem-
ist’s point of view because (i) it is a direct, simple, and benign 
method for the production of GO using solvent treatment of 
graphite powders, (ii) the as-prepared GO nanosheets (col-
loidal dispersions) can easily be used in the fabrication of 
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nanocomposites, and (iii) no further treatment is needed to 
produce GO. Intercalating graphite with various organic and 
inorganic molecules both increases the interlayer spacing 
and reduces the interlayer van der Waals forces.58 The key 
solvent parameter required for exfoliation of graphite is that 
the solvent–graphene/GO interactions must be approximately 
comparable to those existing between the stacked graphene 
in graphite.73 Aromatic solvents exhibit strong interactions 
with sp2 carbon atoms on graphite/CNTs, thereby accelerat-
ing the exfoliation through the solvent–graphene interactions. 
The intercalated graphite layers can then be exfoliated into 
graphene/GO with single- to few-layers by rapid heating or 
ultrasonication.

It has also been reported that the chemical modifica-
tion of graphite oxide sheets by organic molecules yielded 
stable suspensions of GO in organic solvents. For example, 
Ruoff et al.74 have shown that the reaction of graphite oxide 
with isocyanate groups produced isocyanate-modified GO 
sheets (iGOs) that were well dispersed in polar aprotic sol-
vents. Characterization of iGOs by Fourier transform infra-
red (FTIR) spectroscopy and elemental analysis suggested 
that the isocyanate treatment resulted in the functionaliza-
tion of the carboxyl and hydroxyl groups in GO via forma-
tion of amides and carbamate esters, respectively. Similarly, 
Giambastiani et al.75 reported on the intercalation of p-xylyl-
enediamine into graphite oxide as a convenient and simple 
approach to the preparation of pillared-type GO-based mate-
rials with a tailored interlayer spacing.

19.3.5 bottom-up SyntheSiS oF Go via htC

Lau et al.76 used a bottom-up synthesis process, called hydro-
thermal carbonization, to produce GO using a simple pre-
cursor, glucose. They claim that this process is safer, easier, 
simpler, less expensive, and more environmentally friendly 
compared to traditional “top-down” methods, in which strong 
oxidizers are employed. The authors controlled the thick-
ness of synthesized GO nanosheets from 1 nm (monolayer) 
to 1500 nm by simply adjusting the growth parameters, such 
as temperature and glucose concentrations. The lateral sizes 
of the single-layer and few-layer (<5) GO nanosheets were 
approximately 20 and 100 µm, respectively.

19.4 SPECTROSCOPIC ANALYSIS

Once graphene, or GO, has been fabricated it is then impor-
tant to characterize its degree of functionalization, electronic 
structure, and thickness. For this spectroscopic techniques are 
highly useful and the following sections describe some of the 
more readily available spectroscopic techniques.

19.4.1 raman SpeCtroSCopy

Raman spectroscopy is widely used as a nondestructive 
spectroscopic technique for the structural characterization 
of graphitic materials (e.g., graphite, graphene, and carbon 
nanotubes),13,77–82 in particular providing information about 

the stacking layer number and order,13,83 electronic struc-
ture,84 defects,85 and doping.86 Raman scattering (Raman 
effect) occurs when monochromatic light (i.e., laser light) 
interacts with a sample molecule, which is excited from a 
ground energy state to a virtual energy state, and then returns 
to a vibrational state after emitting a photon. Most of the 
emitted photons are elastically scattered (Rayleigh scatter-
ing); that is they have the same frequency as the incident 
photons.87 A small fraction of emitted photons are inelasti-
cally scattered (Raman scattering) in discrete amounts of 
lower (Stokes shift) and higher (anti-Stokes shift) frequencies 
which are detected using a spectrometer.87 Surface-enhanced 
Raman scattering (SERS) can enhance Raman intensities 
by as much as several orders of magnitude for graphitic 
materials.79,80,82,88,89

19.4.1.1 Raman Spectroscopy of Graphene
Graphene has excellent mechanical, electronic, and thermal 
properties that can be related to the layers of graphene, and 
routinely characterized by Raman spectroscopy.78,90 A typical 
Raman spectrum of SG is shown in Figure 19.3. Table 19.3 
shows the typical bands, their associated frequencies, and 
assignments.15,77,91

The G-band arises from a first-order Raman scattering 
process while the D- and 2D-bands originate from a second-
order process.92 The G-band is due to the doubly degenerate 
zone center E2g mode,81 whereas the D-band is due to the 
breathing mode of aromatic rings and requires a defect for 
its activation.77 The G-band is usually observed in graphitic 
samples (e.g., graphite and graphene) which have sp2 carbon 
networks.77 On the other hand the D-band is a defect-induced 
Raman feature and can be used to distinguish the “quality” 
of graphene.77 Importantly, the D-band is only observed on 
the edges of an SG sheet, and no D-band has been reported 
for mechanically cleaved graphene, which has a perfect hon-
eycomb lattice structure without detectable defects.93 The 
ratio of the intensity of the D-band to the G-band (I(D)/I(G)) 
is often used as a measure of the disorder in the graphitic 
sample, such as edges, charge puddles, ripples, or any other 
defects.15

The higher frequency 2D-band is related to a double reso-
nance (DR) process from zone-edge phonons and it is widely 
used to determine the number of layers for graphene.94 In 
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FIGURE 19.3 Typical Raman spectrum of SG prepared by 
mechanical exfoliation. The excitation laser wavelength was 
514.5 nm. (Sood AK, Subrahmanyam KS, and Govindaraj A: 
Graphene: The new two-dimensional nanomaterial, Angew. Chem. 
Int. Ed. 2009. 48(42). Copyright Wiley-VCH Verlag GmbH & Co. 
KGaA. Reproduced with permission.)
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multilayered graphene, the shape and position of the 2D-band 
changes dramatically and it can be deconvoluted into two or 
more components arising from the different phonon-assisted 
intervalley transitions,81 whereas SG has only one component 
(Figure 19.4a through d).78,91

As the number of layers stacked increases, the 2D-band 
blue shifts to higher wavenumbers and becomes broader 
and more asymmetric in shape.11 Therefore, a sharp sym-
metric 2D-band (~30 cm−1) can be used as an indicator for 
SG.91 It has been observed that weak van de Waals interac-
tions between substrates (e.g., quartz, SiO2/Si, Si, glass, NiF, 
and polydimethylsiloxane [PDMS]) and micromechanically 
cleaved graphene (MCG) sheets play a negligible role in 
the Raman features.91 However, stronger interactions such 
as covalent bonding between epitaxial monolayer graphene 

TABLE 19.3
Typical Raman Spectroscopy Bands, Their Associated 
Frequencies, and Assignments for Graphene

Band Raman Shift (cm−1) Assignment

G 1583 In-plane vibrational mode of sp2 
carbon atoms

D 1350 Defects on graphene sheets

D′ 1620 Disorder induced in sp2 carbon

2D 2680 Stacking order of graphene sheets

D + G 2950

2D′ (or G′) 3245

2D + G 4290
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FIGURE 19.4 The Raman spectra of (a) single-layer, bilayer, three-layer, and four-layer graphene on quartz and (b) on a SiO2 (300 nm)/Si 
substrate. The enlarged 2D-band regions with curve fitting are shown in panels (c) and (d). (Reprinted with permission from Wang et al., 
2008, Raman studies of monolayer graphene: The substrate effect, J. Phys. Chem. C 112(29): 10637–10640. Copyright 2008 American 
Chemical Society.)
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(EMG) and SiC substrate result in a change in the lattice con-
stant of graphene and a blue-shift of the G-band.91

Raman spectra show that defects can be introduced by 
the sonication process (Figure 19.5) with the intensity of the 
D-band increasing with time, as t1/2, indicating that defects 
are formed on new edges of graphene, rather than on the 
basal-plane.26

A noncovalent, solution-phase method to produce sig-
nificant quantities of defect-free, unoxidized graphene was 
achieved by dispersion and exfoliation of graphite in NMP.6 
The Raman spectrum of the unoxidized graphene showed 
the typical G-band at 1580 cm−1 and 2D-band at 2700 cm−1 
whereas the D-band was negligible, indicating no signifi-
cant structural defects were introduced to the graphene 
structure.6 Similar methods to exfoliate graphite in perfluo-
rinated aromatic solvents (C6F6, C6F5CF3, C6F5CN, C5F5N)22 
or surfactant (sodium cholate)30 generates edge defects in 
graphene with a prominent D-band at 1350 cm−1 in the 
Raman spectrum.

Graphene nanoribbons (GNRs) have unique magnetic,95 
optical,96 and superconductive97 properties that are strongly 
dependent on the edge chirality.98 The edges of MCG sheets 
are predominantly zigzag or armchair in nature.98 The inten-
sity of defect-induced D-band at the edges is found to be 
related to the edge chirality, which is weaker (~3 times93) at 
the zigzag edge than that at the armchair edge (Figure 19.6a 
through d).98

Raman spectra of the GNRs before and after heat treat-
ment (Figure 19.7) showed a decrease in the D-band intensity 
as the temperature increased, indicating an increase in struc-
tural order and crystallinity of graphene due to the annealing 
of the open edges and lattice defects.99 The residual D-band 
intensity remains at the highest temperature (2800°C) and is 
attributed to the presence of edge loops when edges merge 
with their adjacent counterparts.99

19.4.1.2  Raman Spectroscopy of Graphene 
Oxide and Reduced Graphene Oxide

As stated previously GO has various functional groups, 
including hydroxyl, epoxy, and carboxylic groups on the 
basal plane or edges, which makes its electronic structure 
(sp3 carbon atoms bonded with various oxygenated moieties) 
significantly different from graphene (sp2 carbon atoms).100 
Typical Raman spectra of single-layered GO and thermally 
reduced single sheet of graphene oxide (tR-SGO), compared 
with an individual graphene sheet are shown in Figure 19.8. 
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FIGURE 19.5 Raman spectra of graphite powder and of thin 
filtered graphene films prepared after 36 and 192 h sonication 
(500 rpm) and after 146 h sonication but centrifuged with rates 
of 500 and 4000 rpm. Inset: I(D)/I(G) as a function of sonication 
time. The dashed line shows the behavior expected if the change 
in D-band intensity is due to edge formation. (Khan U et al.: High-
concentration solvent exfoliation of graphene. Small. 2010. 6(7). 
864–871. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
Reproduced with permission.)
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The spectra of GO and tR-SGO (also called reduced gra-
phene oxide [rGO]) spectral features are significantly dif-
ferent from that of graphene, where the G- and 2D-band are 
sharp and symmetric with the D-band typically absent.92,101 
In contrast, GO and rGO have a broad prominent D-band and 
G-band with a weak 2D-band, indicative of structural disor-
der.102 A defect-activated D + G-band is also readily visible at 
2950 cm−1.103 Figure 19.8 shows that the G-band of GO and 

rGO blue-shifts to higher wavenumbers as a result of doping 
effects104 while the 2D-band position remains consistent with 
that of SG (Figure 19.8).81

Shin et al.105 reported on the effects of different reducing 
agents (NaBH4 and N2H4) on the sheet resistance of rGO films. 
The authors found that the NaBH4-reduced GO films had a 
lower resistance than N2H4-reduced films due to the doping 
effect of the N2H4 nitrogen atoms. It was also shown that the 
I(D)/I(G) ratio increased dramatically when a high concentra-
tion (150 mM) of NaBH4 was used, indicating an increased 
number of defects on the NaBH4-reduced GO films.105

19.4.2  ultraviolet–viSible SpeCtroSCopy oF 
Graphene and Graphene oxide

Ultraviolet–visible (UV–vis) spectroscopy is the most com-
monly used characterization technique for GO, and monitors 
the adsorption spectra in the UV–visible spectral region. FG 
nanoflakes have been produced from graphite in the presence 
of a cationic surfactant, cetyltrimethylammonium bromide, 
and acetic acid.32 The UV–vis absorption spectrum of the 
fabricated FG nanoflakes in DMF showed a strong absorp-
tion band at 280 nm, indicating that the FG nanoflakes were 
formed without any disruption in their electronic structure 
(Figure 19.9).32 A similar UV–vis spectrum with an adsorp-
tion peak centered at 278 nm was observed for graphene 
produced via gum arabic-assisted sonication of graphite, fol-
lowed by nitric acid treatment.106

It is well-known that hydrazine reduction of the GO sus-
pension causes a red-shift in the UV–vis absorption due to 
a partial restoration of the electronic structure.56 The for-
mation process of rGO dispersions by hydrazine/ammonia 
reduction of GO was monitored using UV–vis spectroscopy 
(Figure 19.10). Pure GO showed a strong peak at 230 nm,107 
which corresponded to the π–π* transition of C=C in GO.108 
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Delgado J et al., Thermal stability studies of CVD-grown gra-
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FIGURE 19.8 Raman spectra of single sheet of graphene oxide 
deposited from water solution (NR-SGO), thermally reduced single 
sheet of graphene oxide (tR-SGO), and single sheet of pristine gra-
phene. The excitation laser wavelength was 532 nm. (Reprinted with 
permission from Jung I et al., Tunable electrical conductivity of indi-
vidual GO sheets reduced at “low” temperatures, Nano Lett. 8(12): 
4283–4287. Copyright 2008 American Chemical Society.)
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The additional peak at 300 nm was attributed to the n–π* 
transitions of C∙O, indicating the presence of oxygen func-
tionalities in the GO.108 After reduction with hydrazine the 
peak at approximately 230 nm gradually red-shifted to 
270 nm, indicating that the electronic conjugation within the 
graphene sheets was restored upon hydrazine reduction.109,110 
Similar red-shifts have been observed using NaBH4 as the 
reducing agent.105

These reduction studies suggest that the electronic con-
jugation level of rGO (graphene) is chemically controllable, 
offering possibilities to tailor the optical and electrical prop-
erties of graphene sheets.56

19.4.3 Fourier tranSForm inFrared SpeCtroSCopy

Fourier transform infrared (FTIR) spectroscopy is a conve-
nient tool to identify the covalent bonds in a solid, liquid, or 
gas sample. IR radiation passes through a sample and the IR 
spectrum is obtained with absorption peaks corresponding to 
the frequencies of vibrations between the bonds of the atoms. 
To prepare graphene/GO samples, diluents such as KBr are 
often mixed with the sample material and pressed under pres-
sure in a die to create solid thin pellets in order to suppress the 
IR signal to an optimal range.44,56,74,108,111

Another method is to use attenuated total reflection (ATR) 
combined with FTIR to acquire IR spectra, and this does 
not require further sample preparation.7,112−118 The solid gra-
phene, or GO sample, is pressed in constant contact with an 
ATR crystal surface (e.g., germanium) by adjusting the pres-
sure applied. The infrared beam passes through the crystal, 
reflects between the internal surface of the crystal and the 
sample surface, forming an evanescent wave. The beam then 
exits the crystal and is collected by an infrared spectrometer 
to obtain the IR spectra.

The FTIR spectrum of exfoliated graphene shows the 
presence of C∙C at ~1580 cm−1, similar to that of graphite 

(Figure 19.11).44 Additional peaks from C–O at ~1053 cm−1, 
C–OH at ~1226 cm−1, and C∙O at ~1733 cm−1 are com-
monly observed in the FTIR spectrum of GO samples 
(Figure  19.11).74,108,118–120 These characteristic peaks indicate 
the presence of epoxy and hydroxyl groups on the basal plane 
and carboxyl groups on the edges of GO.

19.5 CONCLUSIONS

Since the discovery of graphene and GO, their production 
has provided a remarkably fertile area for wet chemical fab-
rication over the last decade. There is clear evidence that wet 
chemical methods offer the ability to produce both graphene 
and GO on a larger scale than mechanical exfoliation or 
chemical vapor deposition. However, the robustness of some 
techniques, in particular sonication, can often give rise to 
unwanted defect formation and so care must be taken in the 
design of the wet chemical method to be used. This is espe-
cially true when considering the final application of the mate-
rial being fabricated. Spectroscopic techniques have shown to 
be highly informative in the evaluation of graphene and GO 
and as these techniques develop so will our understanding of 
these unique materials.
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20 Mechanical Cleavage of Graphite 
to Graphene via Graphite 
Intercalation Compounds

Shioyama Hiroshi

ABSTRACT

The mechanical cleavage of graphite to graphene is reviewed 
here. Novoselov and Geim obtained single-layer graphene 
by the sophisticated stick-and-tear handling of a scotch tape 
on a highly oriented pyrolytic graphite surface. The van der 
Waals forces in graphite are weak enough for easy cleavage. 
However, a graphene sheet is too floppy to be peeled to a 
single layer by conventional methods. To surmount this dis-
advantage, graphite intercalation compounds are used for the 
practical production of graphene.

20.1 SCOTCH–TAPE METHOD

Graphite is an allotrope of carbon, and the structure of graph-
ite consists of graphene layers stacked along the c-axis in a 
staggered array, generally denoted as ABAB… The layers, 
separated by d0 = 0.335 nm, are held together by weak van 
der Waals forces. Because the van der Waals interactions are 
sufficiently weak, a graphite pencil can be used for writing. 
As the lead of a pencil is scratched onto paper, graphite crys-
tallites are transferred from the lead to the paper. The fresh 
surface of highly oriented pyrolytic graphite (HOPG) can be 
removed using a scotch tape; the stick-and-tear handling of 
a scotch tape on the HOPG surface renders the surface fresh 
and flat (Figure 20.1). However, a single sheet of graphene is 
extremely flexible and delicate and not easily isolated.

Ohashi et al. (1997) attempted to thin a kish graphite (KG) 
platelet by securing the platelet on a glass substrate with a dou-
ble-sided adhesive tape. When the adhesive surface of another 
double-sided tape fixed to a flat rubber was pressed against 

the KG and torn off, the thickness of the KG decreased. By 
repeating this process, Ohashi et  al. obtained a translucent 
graphite foil. After releasing the foil from the substrate with 
an organic solvent, they measured the in-plane resistivity of 
the foil at different temperatures. From the intensity of trans-
mitted He–Ne laser light, they determined the foil thickness 
as 30–100 nm (Ohashi et al. 1997). Later, these researchers 
achieved a thickness of 18 nm, corresponding to approxi-
mately 50 sheets of stacked graphene (Ohashi et al. 2000).

In 2004, Novoselov et al. obtained a single sheet of gra-
phene using the scotch–tape method (Novoselov et al. 2004, 
2005). They first prepared 5-µm-deep mesas atop an HOPG 
platelet. The structured surface was then pressed against a 
1-µm-thick layer of a fresh wet photoresist spread on a glass 
substrate. After hardening, the mesas became attached to 
the photoresist, and the remainder of the HOPG was cleaved 
off. Flakes of graphite were then peeled off from the mesas 
by repeatedly applying the adhesive side of the scotch tape. 
Thin flakes left in the photoresist were released in acetone, 
some of which were captured on an n+-doped Si wafer topped 
with an SiO2 layer. These flakes (d < 10 nm) adhered strongly 
to the SiO2 following ultrasound cleaning in propanol. The 
efficiency of this process in obtaining single-layer graphene 
earned Novoselov and Geim a Nobel Prize in 2010.

Thus, by careful application of the scotch–tape method, 
high-quality one-sheet graphene can be obtained. However, 
the industry demands easier production methods, and this 
has prompted the investigation of novel methods of fabricat-
ing single-layer graphene. In this chapter, the accumulated 
knowledge regarding the mechanical cleavage of graphite to 
graphene is reviewed.
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20.2 GRAPHITE INTERCALATION COMPOUND

As mentioned above, the van der Waals forces in graphite are 
weak enough for easy cleavage. However, a graphene sheet is 
too floppy to be peeled to a single layer. The van der Waals 
forces between graphene sheets are affected by intercalated 
chemical species. It has been known since the nineteenth cen-
tury that certain atoms and molecules cause graphite to swell 
and increase its weight. In recent decades, this phenomenon 
has been attributed to intercalation of guest chemical species 
between the graphene layers of the graphite lattice (Hwang 
et al. 1990, Doll et al. 1992).

Many researchers reported so far that a wide variety of 
atoms and molecules, that is, alkali metals, alkaline earth met-
als, rare earth elements, halogens, metal halides, metal oxides, 
and acids can intercalate between graphene sheets. Intercalation 
increases the distance between neighboring graphene layers 
from its nominal value d0 to a value d1 that depends on the size 
of the guest. The guests accommodated within the interlayer 
spacing of graphite are called intercalates, and products com-
posed of intercalates and host graphite are called graphite inter-
calation compounds (GICs). Intercalation is accompanied by 
charge transfer between the intercalate and the graphene layer. 
The direction of electron transfer is frequently used to clas-
sify GICs. In donor GICs, the intercalate donates electrons to 
the graphene layer during the intercalation process. If electron 
transfer occurs in the opposite direction, the GIC is referred to 
as acceptor GIC. In general, alkali metals represent the interca-
lates of donor-type GICs, while inorganic acids or metal chlo-
rides are viewed as the intercalates of acceptor-type GICs.

A peculiarity of GICs is their tendency to form regularly 
stacked compounds in which only a fraction of the interlayer 
spacing is filled with an intercalate; this phenomenon is called 
staging. Figure 20.2 is a schematic cross section of various 
GIC stages (designated as stages 1, 2, and 3) in the pleated 
layer model or the Daumas–Herold domain model (Daumas 
and Herold 1969). Each intercalated layer is separated by a 
specific number of graphene layers. The stage number n is the 
number of graphene layers between which adjacent interca-
lated layers are sandwiched.

The above brief discussion is based on numerous recent 
studies on the chemistry and physics of GICs. We emphasize 
that the van der Waals forces between graphene sheets are 
affected in GICs, but single graphene sheets might be isolated 
under appropriate conditions.

Intercalating sulfuric acid into graphite yields a GIC with 
stage 1 structure. When GICs containing large quantities of 
H2SO4 are washed in water, most of the H2SO4 is released, 
but some H2SO4 remains between the sheets. If the washed 
material is heated rapidly to 800–1000°C, the residual H2SO4 
molecules vaporize and push against the inner walls of the 
graphene. Thus, the resulting exfoliated graphite (see Figure 
20.3) has been known since the nineteenth century. In the 
1970s, Union Carbide Corporation (now owned by Dow 
Chemical Company) started to sell “grafoil,” produced by 
pressing exfoliated graphite into a flexible graphite sheet. 
Grafoil is used as a heat insulator and as a gasket material. 
Exfoliation arises from the gas pressure exerted by the heated 
H2SO4 gas. Figure 20.3b shows the graphite divided into thin 
leaves, but these leaves comprise hundreds of graphene layers. 
Exfoliation cannot yield single graphene sheets.

20.3  ISOLATION OF GRAPHENE 
VIA TERNARY GICs

Considerable attention has been paid to the preparation and 
properties of GICs and their utilization. In recent years, 
chemical reactions between two intercalated guest species 
 in the graphite interlayer space have been studied. For exam-
ple, we reduced metal chloride with lithium (Shioyama et al. 
1994, 1996). Atoms of zero-valent metal generated by the 
reduction move and aggregate within the interlayer spacing 
of graphite. This process generates metallic particles in the 
graphite matrix. Interestingly, the size of the metallic par-
ticles is related to the movement of metallic atoms in the 
graphite interlayer. As an example of organic reactions in the 
graphite interlayer, anionic polymerization of the unsaturated 
hydrocarbon was studied (Shioyama 1997, 1998, 2000). While 

Stage 1
d1

d0
Stage 2

Stage 3

FIGURE 20.2 Stages 1, 2, and 3 GICs in the pleated layer model 
or Daumas–Herold domain model: (—) graphene layer; (ooo) inter-
calated layer.

FIGURE 20.1 Cleavage of graphite by scotch–tape method.
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characterizing the products, a novel type of carbon nanotube, 
produced by polymerization in the interlayer and subsequent 
removal of the polymer, was identified.

HOPG was used as a host. A potassium–GIC was pre-
pared by the conventional two-bulb method. The Pyrex 
glass reaction tube was sealed under vacuum and placed in 
a two-zone furnace for 4 days. Controlling the temperatures 
at Tg = 280°C for the graphite and Ti = 250°C for the interca-
late, the stage 1 potassium–GIC KC8 was obtained. A sample 
of this KC8 (~2.5 mg) was allowed to react with unsaturated 
hydrocarbons. The liquid hydrocarbons (isoprene and styrene) 
were dehydrated with a molecular sieve and purified by vac-
uum distillation. The reactions between potassium–GICs and 

hydrocarbon vapors were conducted at room temperature. The 
gas pressure of the gaseous hydrocarbon 1,3-butadiene in the 
reaction chamber was kept constant at 67 kPa. The reaction 
product was analyzed by x-ray powder diffraction and ther-
mogravimetry (TG) in a nitrogen stream. A fragment of the 
reaction product was placed in a beaker containing N-methyl-
2-pyrrolidone (NMP) to remove the polymer component. The 
residue originating from the starting graphite was observed 
by high-resolution transmission electron microscopy (TEM).

Several tens of minutes after contact with isoprene vapor, 
KC8 had expanded along its c-axis. The expansion proceeded 
slowly for several hours until the 1-g isoprene source was 
exhausted. The product ultimately filled a glass tube having 
a diameter of 1 cm, which was used as the reaction chamber. 
The black product resembled exfoliated graphite, but its bulk 
density was higher (being almost identical to that of com-
mercially available polyisoprene). Similar to commercially 
available polyisoprene, the product was elastic. Presumably, 
isoprene molecules were introduced into the interlayer spac-
ing of KC8 and progressively polymerized.

The x-ray powder diffraction patterns of the products from 
KC8 reveal no diffraction line for graphite or GIC, and the 
broad peak with a shoulder resembles the pattern of commer-
cially available polyisoprene used as a control. TG and dif-
ferential thermal analysis (DTA) curves of the products are 
also similar to those of the polyisoprene control. The poly-
mers were either vaporized or decomposed and completely 
removed at about 400°C, while the residue originated from 
the HOPG. Similar products were obtained when KC8 was 
allowed to react with styrene vapor or 1,3-butadiene gas. 
X-ray powder patterns and TG data of the products are again 
similar to those of the control polymer.

The potassium–GIC expands as the unsaturated hydro-
carbon enters the interlayer spacing of the potassium–GIC. 
The introduced hydrocarbon should be strongly influenced by 
the negatively charged graphene layers, and polymerization 
should be initiated by anionic polymerization. This type of 
polymerization occurs in the absence of an effective termina-
tion reaction. Under these circumstances, propagation occurs 
with complete consumption of the monomer to form “living” 
polymers. A schematic of the proposed polymerization mech-
anism is shown in Figure 20.4. In this schematic model of the 
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FIGURE 20.3 High-quality exfoliated graphite (a) and its scan-
ning electron microscope (SEM) image (b).
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product, the stacked graphene layers are drawn apart, which 
explains the missing diffraction line of graphite or GIC in 
x-ray powder diffraction patterns. Polymerization is thought 
to be initiated by the consumption of potassium–GIC and the 
graphene layers are dispersed in the product (Shioyama 2001).

After immersion in NMP for several weeks, the polymer 
component of the styrene/KC8 reaction product had dissolved. 
Black particulates suspended in the solvent were believed to 
be residues originating from the graphite. High-resolution 
TEM images of these residual particles generally indicated no 
significant nanostructure. However, some of the TEM micro-
graphs revealed the presence of carbon nanotubes. Typical 
TEM images of such carbon nanotubes are shown in Figure 
20.5. The tip of the nanotube (indicated by an arrow) was 
found to be open (Shioyama and Akita 2003).

Dissolving the polymer in an appropriate solvent would 
help isolate a single graphene sheet, which is then rolled up 
to decrease the surface energy. The scroll between the facing 
sides of the sheet should be subjected to van der Waals inter-
actions as illustrated in Figure 20.6. This structure is differ-
ent from that of carbon nanotubes prepared by conventional 
arc discharge or laser vaporization (Iijima 1991, Thess et al. 
1996) but is analogous to that of graphite whiskers grown in a 
direct-current arc, whose diameters range from a fraction of a 
micron to over 5 µm (Bacon 1960). The size of the rolled side 
of the graphene sheet can be estimated from the size and shape 
of the nanotube in Figure 20.5. A rough calculation shows that 
a 15-fold scroll having inner and outer diameters of 16 and 
26 nm, respectively, could arise from a sheet having a size of 
the order of 1 µm, which is one or two orders of magnitude 
smaller than the crystallite size of the host HOPG evaluated 
by the oxygen etch technique (Burleigh and Thrower 1973) or 
electron-channeling contrast imaging (Kaburagi et al. 1995). 

The procedures used in this chapter appear to be sufficiently 
vigorous to tear the graphene layers to pieces, and the result-
ing fragments are then rolled up. An alternative explanation is 
that only graphene sheets of an appropriate size can be rolled 
up.

An important factor determining the diameter of carbon 
nanotubes is the competition between the decreased surface 
energy and the increased bending energy in the graphene 
sheet. The latter can be estimated from the bending behavior 
of graphene. Such an investigation has just begun and will 
provide new interpretations of carbon nanotube formation.

A similar carbon nanoscroll was reported by Kaner’s 
group (Viculis et  al. 2003), indicating that such phenom-
ena are nonspecific. Although graphite is readily cleaved to 
graphene, the obtained sheet tends to scroll in the solution. 
Later, Valles et al. reported that graphene sheets are spon-
taneously released from the ternary potassium–THF–GIC 
(K(THF)xC24, x = 1–3) in NMP without sonication and that 
graphene sheets can be deposited onto a variety of substrates 
(Valles et al. 2008). In any case, the intercalation of alkali 
metals and organic molecules disrupts the van der Waals 
forces between the graphene sheets.

20.4 MECHANICAL PULVERIZATION OF GICs

GICs were pulverized in an NMP solvent by mechanical 
grinding with an agate mortar and subsequent sonication 
(Shioyama 2010). Potassium–GICs of stages 1 and 2 (KC8 and 
KC24, respectively) were prepared from approximately 10 mg 
of HOPG by the conventional two-bulb method. In an inert 
atmosphere, KC8 or KC24 was ground with 20 mL of NMP for 
15 min, and the ground mixture was transferred to a vessel for 
sonication. Following 2 h of sonication at 50 kHz and 150 W, 
the mixture was separated into a supernatant and precipitated 
by centrifugation.

As expected, sonication yielded a black suspended mix-
ture. However, the supernatant after centrifugation is trans-
parent and slightly colored. The absorption spectra of the 
supernatant are shown in Figure 20.7a and b. These spectra 
are broad in the visible region, indicating superposition of 
several components. Figure 20.7c shows the absorption spec-
trum of pyrene. In general, the longer the wavelength of the 

25 nm

FIGURE 20.5 High-resolution TEM micrographs of the product 
from the reaction of styrene with KC8, following immersion in NMP. 
(Reprinted from Carbon, 41, Shioyama, H. and T. Akita. A new 
route to carbon nanotubes, 179–181, Copyright 2003, with permis-
sion from Elsevier.)
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absorption spectrum for aromatic hydrocarbons, the larger 
their size. Assuming that the solute is a torn piece of gra-
phene, it appears to be larger than pyrene.

The emission spectra of the supernatant liquid from the 
ground mixture of KC8 and KC24 are shown in Figure 20.8a 
and b, respectively. These very similar broad spectra are 
anticipated to be the envelope of several peaks. Similar to the 
case of the absorption spectra, the longer the wavelength of the 
emission spectrum, the larger the size of the aromatic hydro-
carbons. The emission wavelength of pyrene shown in Figure 
20.8c suggests that the solute is a mixture of aromatic hydro-
carbons of sizes equal to and larger than pyrene. Interestingly, 
applying the same procedure to nonintercalated graphite 
yields no observable emission from the supernatant liquid. 
Since potassium intercalation disrupts the van der Waals inter-
actions, graphite should be torn into aromatic-hydrocarbon-
like pieces by mechanical grinding and subsequent sonication.

The presence of small-sized graphene in the supernatant 
was also verified by mass spectroscopy. Figure 20.9 shows 
the mass spectrum of the supernatant prepared from KC8, 
whereby the sample was preliminarily separated by gas chro-
matography and all fractions, except NMP, were subsequently 
accumulated in the mass spectrometer to generate the total 
spectrum. Peaks are spread over a wide range of m/z regions 

between 31 and 503. Since the molecular weight (MW) of 
NMP is 99.13, the NMP component is preliminarily well sep-
arated. Given the MW of anthracene (178), pyrene (202), and 
perylene (252), the size of the solute in the supernatant should 
be equal or exceed those of three to five benzene nuclei. This 
finding is consistent with the results obtained from the absorp-
tion and emission spectra discussed above.

The larger pieces of torn graphite are precipitated out, 
while the smaller pieces remain in the supernatant. The latter 
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can be detected by the above-mentioned photochemical mea-
surement. In the precipitate, insufficiently cleaved graphite 
particles are mixed with reaggregated graphene. It is useful 
to mention that graphene sheets may be torn into pieces hav-
ing sizes of an aromatic hydrocarbon by excessive sonication.

20.5  MECHANICAL STRESS APPLIED BY 
ELECTROCHEMICAL INTERCALATION

Because intercalated chemical species invalidate the van 
der Waals forces, intercalated graphene sheets are easily 
cleaved. Intercalation confers another advantage; the distance 
between adjacent graphene layers is extended, which imposes 
mechanical stress on the graphite. Sulfuric acid intercalation 
increases the distance between the graphite sheets from 0.335 
to 0.800 nm (Shioyama and Fujii 1987). Such a large exten-
sion along the c-axis of the crystallite induces mechanical 
stress in the polycrystalline graphite. While examining the 
electrochemical intercalation of sulfuric acid into HOPG, it 
was observed that 18 mol/dm3 of sulfuric acid solution had 
turned brown after repeated cyclic voltammetry. When the 
used solution was allowed to stand during the weekend, a 
brown membrane had developed at the surface of the solu-
tion by Monday. The highest potential applied to the HOPG 
was adequate for stage 1 H2SO4–GIC formation, but was not 
sufficient for the formation of graphite oxide (Shioyama and 
Fujii 1987). The repeated stretching of the c-axis of the graph-
ite crystallite induced stress in the HOPG and led to cleav-
ing of graphene. Applying the same treatment to an artificial 
graphite electrode for steel making caused the polycrystal-
line graphite to collapse. Even if graphite crystallites are well 
ordered, the polycrystalline nature of HOPG renders cleavage 
unavoidable after repeated cyclic voltammetry.

Figure 20.10 shows the brown membrane developed on 
the sulfuric acid surface over the weekend. The absorption 
and emission spectra of this solution, obtained after repeated 
cyclic voltammetry, are similar to those of the supernatant 
solution discussed in the previous section. Thus, the graphite 
is pulverized by the mechanical stress imposed on the HOPG 
under repeated intercalation and deintercalation.

20.6 SUMMARY

We described several methods for the mechanical cleavage 
of graphite. As a graphene sheet is too floppy to be peeled to 
a single layer, direct cleavage from graphite succeeded when 
ingenious procedures were employed (Novoselov et al. 2004, 
2005). Attempts using GICs are also useful for cleavage. Each 
method for the mechanical cleavage of graphite is shown in 
Table 20.1.
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21 Synthesis of Graphene by 
Pyrolysis of Organic Matter

Boris I. Kharisov and Oxana V. Kharissova

ABSTRACT

Methods for obtaining graphene and its composites by pyrol-
ysis and related techniques from different precursors are 
reviewed in this chapter. The application of these techniques 
has led to the preparation of graphene layers with different 
properties, their nanofoams and nanofilms, N- and metal-
doped graphene, and various composites possessing useful 
catalytic and other properties. Special studies and mecha-
nisms of graphene formation are briefly discussed.

21.1 INTRODUCTION

Graphene is one of the hottest topics in nanotechnology, 
and its techniques of synthesis are in constant development. 
Recently, a series of books,1–3 chapters,4 and reviews have 
been published, which are dedicated to the synthesis5,6 of 
graphene, in particular, the chemical vapor deposition (CVD) 
of graphene.7 These techniques include mechanical exfolia-
tion, thermal decomposition of precursors, growth on metal 
supports, unzipping carbon nanotubes (CNTs), reduction of 
graphene oxide (GO), wet chemical synthesis, and plasma 
techniques, among others (Table 21.1). In this list, the pyroly-
sis of organic compounds, as it will be shown below, can lead 
to high-quality graphene and its composites. According to the 
molecular approach to the production of graphene, precur-
sor molecules are cross-linked to form two-dimensional (2D) 
intermediates, and pyrolysis transforms the intermediates into 
graphene.8

In this chapter, we will discuss the synthesis of graphene 
and its composites by means of pyrolysis9–11 of mainly organic 

compounds. Several doped graphenes will also be points of 
interest, since doping of different elements in intrinsic gra-
phene is of great importance to adjust the electrical and 
chemical properties for the realization of different electronic 
devices.

21.2  SYNTHESIS OF GRAPHENE FROM 
DISTINCT PRECURSORS

Comparing various methods for graphene fabrication by 
pyrolysis (Table 21.2) and closely related thermal decompo-
sition techniques29,30 from different precursors, it should be 
noted that silicon carbide is one of the most frequent precur-
sors. The thermal decomposition of the SiC surface provides, 
perhaps, the most promising method for the epitaxial growth 
of graphene on a material useful in the electronics platform. 
Various effects, number and quality of graphene layers, and 
their thickness and mobility were observed in the studies of 
different research groups. Because of the high number of 
related reports, we will discuss here only their representative 
examples in distinct C- and Si-faces of the SiC. Thus, a tech-
nologically attractive method of growing graphene by ther-
mal decomposition of 3C–SiC(100) on silicon substrates was 
investigated31 for the evolution of surface graphitization as a 
function of synthesis temperature. It was established that the 
carbon enrichment of the surface is characterized by a clear 
modulation of the surface potential and structuration. The 
analysis of the structural properties of graphene layers by low-
energy electron diffraction and micro-Raman spectroscopy 
demonstrated a graphitization of the surface. Fast, single-
step epitaxial growth of large-area homogeneous graphene 
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film on the surface of SiC(0001) using an infrared CO2 laser 
(10.6 µm) as the heating source was reported.32 This method 
is cost-effective in that it does not need SiC pretreatment and/
or high vacuum; it operates at low temperature and proceeds 
in the second time scale, thus providing a green solution to 
EG fabrication and a means to engineering graphene patterns 
on SiC by focused laser beams.

Graphene was produced33,34 by thermal decomposition of 
6H-SiC( )0001  in ultrahigh vacuum. It was shown that as the 
annealing temperature increased, different reconstructions of 
6H-SiC( )0001  appeared and the anisotropic graphene layers 
were produced finally. The results of valence band spectra 
showed that at a high annealing temperature of both σ and 
π bonds existed in the grown graphene layers. In a related 
report,35 graphene films on 6H-SiC(0001) and (000-1) faces 
(Si-face and C-face, respectively), produced by radiative 
heating in a high-vacuum furnace chamber through ther-
mal decomposition, were found to be thicker in case of the 
C-face with higher mobilities than those grown on the Si-face. 
Alternatively, a few layers of graphene were grown by thermal 
decomposition of off-axis 4H-SiC(0001).36 Bilayer graphene 

was grown37 on the Si-face of SiC by thermal decomposi-
tion. The electrical detection of a band gap opening in bilayer 
graphene grown on SiC was considered by the authors as a 
promising step toward the realization of graphene-based 
electronics using epitaxial graphene. The nucleation mecha-
nism during the epitaxial graphene films on Si-terminated 
SiC(0001) surfaces was investigated38 by imaging the change 
of Si-terminated SiC substrate surfaces, observing the pro-
cess of the initial nucleation and the wrinkle formation of gra-
phene. The nucleation of epitaxial graphene phase was found 
to be initiated at 1450°C and the wrinkle formation depends 
on the thermal decomposition time.

Graphene covered SiC powder (GCSP) was fabricated39 
by a similar method of high-temperature thermal decomposi-
tion of SiC. Under UV illumination, according to the authors’ 
data, more than 100% enhancement in photocatalytic activ-
ity was achieved in the degradation of rhodamine B (Rh B) 
by GCSP catalyst than by pristine SiC powder. Also, high-
quality seamless epitaxial graphene layers were grown on the 
entire surface of SiC substrates by thermal decomposition of 
the SiC crystal.40 In addition, ultrahigh-vacuum CVD was to 

TABLE 21.1
Main Methods for Graphene Preparation

Applied Technique Description References

Intercalation-based exfoliation Intercalation of alkali metal between graphite interlayers through liquid-state diffusion from 
ternary KCl–NaCl–ZnCl2 eutectic system

12

Thermal exfoliation Graphite was intercalated in a mixture of sulfuric acid and hydrogen peroxide before being 
subjected to a rapid heat treatment in excess of 900°C. The thermally expanded graphite was 
then exfoliated in solvents to produce graphene sheets

13

Chemical reduction of exfoliated and 
intercalated graphite oxide

Reduction process from colloidal dispersion of functionalized graphene oxide by continuous 
stirring with hydrazine hydrate

14

Anodic bonding A single-crystal flake of graphite is pressed on glass, a high voltage of 0.5–2 kV was applied 
between the graphite and a metal back contact, while heating the glass at about 200°C for 
10–20 min

15

Thermal decomposition Upon thermal decomposition of B4C at temperatures higher than 1600°C in a vacuum, 
graphene forms epitaxially on its surface

16

Aerosol spray pyrolysis Aerosol spray pyrolysis was employed to synthesize the noble metal nanoparticles–graphene 
composites using a colloidal mixture of GO and noble metal precursor (H2PtCl6·6H2O and 
AuCl4·3H2O)

17

Growth on metal or metal oxide supports The nucleation of graphene on a transition metal (Ni, Ru, Cu, or Co–Mo/MgO) surfaces 18–21

Unzipping of MWNTs Synthesis of individual graphene nanoribbons derived from sonochemical or electrochemical 
unzipping of multiwalled carbon nanotubes (MWNTs)

22,23

Ultrasonic treatment Synthesis of graphene nanosheets via reduction of graphene oxide via sonochemical route 24

Ultrasonic and microwave irradiation Graphene was synthesized from exfoliated graphite under ultrasonic and microwave irradiation 
at room temperature

25

Wet chemical synthesis The wet chemical synthesis of graphene from a new form of graphene oxide that consists of an 
intact hexagonal σ-framework of C-atoms. Thus, it can be easily reduced to graphene that is 
no longer dominated by defects

26

Plasma-enhanced CVD Radio-frequency plasma-enhanced chemical vapor deposition (RF-PECVD) on SiO2/Si 
substrate covered with Ni thin film at relatively low temperatures (650°C). During deposition, 
the trace amount of carbon (CH4 gas flow) was introduced into PECVD chamber and the 
deposition time is only 30 s, in which the carbon atoms diffuse into the Ni film and then 
segregate on its surface, forming single-layer or few-layer graphene

27

Microwave plasma CVD The graphene CVD technique at substrate temperatures around 300°C by a microwave plasma 
sustained by surface waves (surface wave plasma chemical vapor deposition, SWP-CVD)

28
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used grow polycrystalline silicon carbide (SiC) on c-plane 
sapphire wafers, which were then annealed between 1250°C 
and 1450°C in vacuum to create an epitaxial multilayer gra-
phene film.41 By planarizing the SiC prior to graphene growth, 
a reduction in the Raman defect band was observed in the 
final film.

Pyrolysis of graphite, graphite oxide, and graphene 
oxide42 is also widely used for graphene synthesis. Thus, a 
simple and cost-effective route was described43 to exfoliate 
graphene through the deposition of graphite particles on an 
SU-8 pattern followed by the high-temperature pyrolysis pro-
cess. During this procedure, the SU-8 photoresist pillars were 
slowly converted to desired glassy-like carbon posts and vari-
ous gases were released such as carbon oxides, water vapor, 
methane, and hydrogen. The authors established that rapid 
ramping rate of temperature and the released gases interca-
lated inside the graphite were thought to be the predominant 
mechanism driving the exfoliation. Graphene was also pre-
pared by a two-step method (combination of microwave irra-
diation combined with high-temperature pyrolysis), resulting 
in complete reduction and exfoliation of graphite oxide.44 The 
obtained graphene had good conductivity and its specific sur-
face area was up to 675.4 m2·g−1. As-prepared graphene was 
used as raw material for the fabrication of graphene/Co]Ni 
double hydroxide composites by the hydrothermal synthesis 
method. Alternatively, oil-absorbing graphene capsules were 
synthesized45 by capillary molding of GO sheets against a 
polystyrene bead template in evaporating aerosol droplets, fol-
lowed by simultaneous reduction of GO and decomposition of 

the polymer template during ultrasonic spray pyrolysis. More 
simply, graphene sheets with different reduction levels were 
produced46 through thermal reduction of GO in the tempera-
ture range of 200–900°C. The variation of oxygen- containing 
groups was shown to be a main factor influencing the electric 
double-layer (EDL) capacitor performances of this pyrolytic 
graphene. The highest capacitance of 260.5 F·g−1 at a charge/
discharge current density of 0.4 A·g−1 was obtained for the 
sample thermally reduced at about 200°C.

Hydrocarbons of a distinct number of carbon chain and 
multiplicity have been used for graphene fabrication on a 
series of supports, mainly metals (Ir, Cu, and Au).47 Thus, 
graphene was obtained by thermal decomposition of ethylene 
on Ir(111) at high temperatures and the strain state and wrin-
kle formation kinetics were analyzed as a function of temper-
ature.48 The obtained data revealed a characteristic hysteresis 
of the graphene lattice parameter that was explained by the 
interplay of reversible wrinkle formation and film strain; 
graphene on Ir(111) always exhibits residual compressive 
strain at room temperature. An intriguing related technique 
for growing graphene on relatively inert metals, consisting 
of the thermal decomposition of low-energy ethylene ions 
irradiated on hot metal surfaces in ultrahigh vacuum was 
reported.49 By this route, graphene monolayers were grown 
on Cu(111) and on Au(111) surfaces. For both noble metal 
substrates, but particularly for Au(111), a very weak gra-
phene–metal interaction was observed. The case of nonme-
tallic supports can be represented by silicon nitride. Thus, 
large-area uniform carbon films with sp2 graphitic structures 

TABLE 21.2
Examples of Synthesis Reactions for Graphene and Its Composites Obtained by Pyrolytic Routes

Precursor Description References

SiC Epitaxial graphene (EG) layers were grown on Si-terminated 6H-SiC(0001) substrates and 
C-terminated 6H-SiC( )0001  substrates separately by thermal annealing in an ultrahigh-vacuum 
chamber

74

Graphite Graphene exfoliation from graphite particles deposited on photoresist pillars 75

Resorcinol–formaldehyde resin and 
graphene oxide composites

The composites–precursors were pyrolyzed in an inert atmosphere to form graphene sheet-
containing activated carbon by using an excess amount of KOH as an activating agent

76

Chloroplatinic acid (H2PtCl6) and 
graphene oxide sheets

Pt-nanoparticles-laden graphene crumples were directly synthesized from a colloidal mixture of 
aqueous chloroplatinic acid (H2PtCl6) and graphene oxide sheets via aerosol spray pyrolysis

77

Sesame oil (botanical hydrocarbon, a 
green natural precursor)

Synthesis of graphene nanosheets and rectangular aligned carbon nanotubes bundles by spray 
pyrolysis of sesame oil with ferrocene as a catalyst, inside silica tube at 800°C

78

Methane A hybrid nanostructure comprising carbon nanotubes grown on graphene layers was fabricated via 
atmospheric pressure CVD (pyrolysis)

79

Ethanol or i-propanol Pyrolysis of alcohols under the following conditions: reaction temperature was varied from 800 to 
1000°C, quartz and metal foil were used as substrates

80

Metal tetrapyridinoporphyrazine N-doped graphene analogue was fabricated by pyrolysis of metal tetrapyridinoporphyrazine, a kind 
of N-rich metal phthalocyanine derivative with four pyridine substituents

81

Polymers: polystyrene (PS), 
polyacrylonitrile (PAN), and 
polymethylmethacrylate (PMMA)

Few-layer graphene was produced by heating the thin polymer films covered with a metal capping 
layer in a high-temperature furnace under low vacuum in an Ar/H2 atmosphere. The metal capping 
layer appears to have two functions: prevention of vaporization of dissociated molecules and 
catalysis of graphene formation

82

Chitosan The N-doped graphene was obtained by pyrolysis under an inert atmosphere of natural chitosan, 
followed by ultrasound exfoliation, without the need of oxidation and reconstitution

83
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and graphene-like properties were synthesized50 by CVD of 
hydrocarbons directly on Si3N4/Si at 1000°C without metal 
catalysts. The as-deposited films are atomically thin and 
wrinkle- and pinhole-free. Also, synthesis of large sheets 
of multilayered graphene was carried out51 by condensation 
of fumes onto a heated surface (≈650°C) from the thermal 
decomposition (using a Fisher burner [natural gas/air] flame) 
of asphalt in a ceramic crucible producing carbon films with 
a metallic sheen. The formed films were found to be primar-
ily sp2-hybridized carbon with small amounts of sp3 C]H and 
C]O or C]N functionalities. This form of CVD may be scal-
able to give much larger surface areas; moreover, the process 
does not require metal substrates.

Other organic compounds have been widely used as carbon 
sources under pyrolysis conditions. Thus, graphene was pro-
duced by heating sodium and ethanol at a 1:1 molar ratio in a 
sealed vessel.52 The product of this reaction was then pyrolized 
to produce a material consisting of fused graphene sheets, 
which could then be released by sonication. This yielded gra-
phene sheets with dimensions of up to 10 µm. Also, graphene 
was synthesized53 using thermal decomposition of ethanol in 
a medium-pressure autoclave in the presence of a strong alka-
line solution at a temperature of ~230°C and pressure of 60 
bar. The presence of monolayer (n = 1) to trilayer (n = 3) gra-
phene sheets with a thickness of ~1.168 nm was shown. This 
can be a commercially viable process for bulk production of 
graphene. In a related report,54 the use of ethanol led, at higher 
partial pressures of ethanol, to the growth of highly ordered 
graphene-like pyrocarbon, whereas lower partial pressures 
helped to suppress the carbon texture transition. Methane and 
C2 species were shown to be the dominant intermediate spe-
cies of ethanol pyrolysis. In addition, by gas-source molecular 
beam epitaxy (MBE) using cracked ethanol, graphene was 
grown at substrate temperatures between 600°C and 915°C on 
graphene formed on SiC(0001) by thermal decomposition.55 It 
was revealed that (a) growth at higher temperatures improved 
the crystallinity and increased the domain size; (b) growth 
at a higher temperature is effective in obtaining graphene of 
higher quality; and (c) a network of fin-like ridge structures of 
graphene sticking out from the surface was discovered, whose 
presence indicated that 2D islands of graphene are surrounded 
by the nanofins, and the island size was estimated to be 67 nm 
using the average distance between the nanofins. Also, a 
three-dimensional (3D) nitrogen-doped carbon nanotubes/
graphene (NCNTs/G) composite was prepared56 by pyroly-
sis of pyridine over a graphene-sheet-supported Ni catalyst. 
Tangled NCNTs with lengths of several hundred nanometers 
were found to be sparsely, but tightly, distributed on graphene 
sheets, forming quasi-aligned NCNT arrays. The N content in 
the NCNTs/G measured by x-ray photoelectron spectroscopy 
was about 6.6 at.%. The NCNTs/G shows a higher activity and 
selectivity to the oxygen reduction reaction (ORR) in alkaline 
electrolyte compared with undoped CNTs/G.

Some polymers, generally in combination with metal parti-
cles or their easily decomposing precursors, have been applied 
for graphene formation.57 In particular, multilayer graphene 
was prepared58 (gram scale of product per day) by pyrolyzing 

poly(methyl methacrylate) (PMMA) on nickel microparticles 
in the confined microzones formed by organophilic montmo-
rillonite (OMT). Pyrolytic conditions such as the system com-
position of the composites, reaction temperature, and the size 
of catalyst were found to be important parameters affecting 
the morphology and yield of the final product. Another exam-
ple is a robust and direct route to fabricate a 3D nanofoam of 
few-layer graphene with large-area coverage via a CVD tech-
nique that was carried out59 by pyrolysis of polymer/nickel 
precursor film under a hydrogen environment. Carbonized-C 
and the nickel nanoframe formed from the pyrolysis were 
used as a solid carbon source and as a catalyst for the growth 
of graphene under CVD conditions, respectively. A great 
potential for interconnected graphene networks in electronic 
devices and photocatalytic sensors as well as in energy-related 
materials was suggested. These systems could possess other 
important catalytic properties, such as nonprecious metal cat-
alysts for the ORR in proton exchange membrane fuel cells 
(PEMFCs), which were obtained60 by pyrolysis of iron citrate 
and polyacrylonitrile on mesoporous xerogel carbon support. 
It was demonstrated that the porosity of the pristine carbon 
promoted the formation of graphene and CNT structures fea-
turing ORR catalytic activity.

Natural products are obviously valuable sources for 
 fabrication of graphene and other carbon nanostructures, tak-
ing into account current “greener” trends in nanoscience and 
nanotechnology to get nanoparticles from natural recourses.61 
Thus, carbons derived from carbohydrates are a consistent 
and abundant precursor stream. In particular, nonactivated 
carbons were derived62 from anhydrous α-d-glucose precur-
sor by pyrolysis in Ar atmosphere at temperatures ranging 
from 500°C to 1000°C and then chemically (KOH) activated 
at 800°C. It was revealed that more graphene layers align in 
a parallel way with higher precursor carbonization tempera-
tures. Chemical activation on the carbon prepared at lower 
temperatures achieved surface areas greater than 2900 m2·g−1, 
and specific capacitance numbers in excess of 180 F·g−1 in 1 
M Na2SO4 solution. Large-area graphene films, deposited 
by control pyrolysis of the botanical derivative camphor 
(C10H16O), were used as a transparent electrode for organic 
solar cells.63,64 These films on glass or plastic substrates 
showed very good optical transparency, electrical conductiv-
ity, and mechanical stability. The same camphor was applied 
for a simple and controllable synthesis process of iodine-
doped graphene film. Iodine was mixed65 with the carbon pre-
cursor and simultaneously evaporated to pyrolysis on a metal 
catalytic substrate. Elemental iodine was found to be in the 
form of triiodide and pentaiodide. Simultaneously, evaporated 
iodine atoms remained within the few-layer graphene struc-
ture and interacted with carbon atoms through a charge trans-
fer process. Metal supports were used to promote graphene 
formation, as, for instance, in the synthesis of planar few-layer 
graphene films, synthesized66 by camphor pyrolysis on nickel 
substrates by a simple, cost-effective thermal CVD method. 
Similarly, a CVD process for the production of continuous 
high-quality graphene layers based on camphor decomposi-
tion on polycrystalline Ni foil, was demonstrated.67 As a result 



349Synthesis of Graphene by Pyrolysis of Organic Matter

of topography studies, it was shown that the Ni surface is cov-
ered by continuous and wrinkled graphene carpets; the high 
quality of the graphene film was revealed, appearing to be 
only a few monolayers thick. Any spectral features associated 
with carbides (NixC) were absent.

Morphological changes in pyrolyzed tobacco and pec-
tin, one of the components of tobacco (i.e., cellulose, pectin, 
and lignin), at temperatures ranging about 800°C in helium 
showed the presence of graphene sheets, among other car-
bon nanostructures (fullerene-like materials, graphite, etc.).68 
Cotton fabric was used69 as a template to create macro sheets 
of graphene, being dipped into a graphene/pyrene-derivative 
suspension and then annealed at a high temperature in a quartz 
tube furnace under argon flow. During the annealing process, 
the gaps between separated graphene sheets were “soldered” 
by “glue” molecules (aromatic molecular surfactants) to form 
graphene-coated pyrolytic carbon. The resulting graphene 
“skin” was created on the pyrolytic carbon scaffold that is a 
flexible graphene coat and can contribute with relatively high 
capacity to a lithium battery sandwich. Pyrolysis of chitosan 
(a N-containing biopolymer that can form high-quality films 
on glass, quartz, metals, and other hydrophilic surfaces) films 
under argon at 800°C and under inert atmosphere resulted70 
in high-quality single-layer N-doped graphene films (over 
99% transmittance). The pyrolysis of nine wood samples 
(basswood, cherry, pine, walnut, maple, hickory, padauk, 
tigerwood, and ipe) between 30°C and 1200°C was investi-
gated.71 The thermal degradation of the cellular structure of 

wood followed by the onset and growth of graphene sheets 
and  associated  nanoporosity between the sheets was observed 
as the temperature increased. Electrochemical studies of Na 
insertion using Na batteries were used to study the wood sam-
ples pyrolyzed to 1100°C. Regardless of the original wood 
precursor used during pyrolysis, the nanostructure and result-
ing electrochemical behavior of all the wood samples were 
similar after heating to 1100°C. In a related report,72 beech 
wood biocarbon, prepared by pyrolysis (carbonization) of 
tree wood in an argon flow at the carbonization temperature 
Tcarb. = 800°C represented essentially a nanocomposite made 
up of amorphous carbon and nanocrystallites—“graphite 
fragments” and graphene layers. At last, a very interesting 
series of graphene precursors were described as follows. 
Instead of most of the carbon sources, which are purified 
chemicals that could be expensive for mass production, a less 
expensive approach73 was offered using six easily obtained, 
low or negatively valued raw carbon-containing materials 
used without prepurification (cookies, chocolate, grass, plas-
tics, roaches, and dog feces) to grow high-quality graphene 
directly on the backside of a Cu foil at 1050°C under H2/Ar 
flow (Figure 21.1). The nonvolatile pyrolyzed species can be 
easily removed by etching away the frontside of the Cu foil.

21.3 N-DOPED GRAPHENE

N-doped graphene (NG)84,85 is the object of intensive research 
thanks to its unique chemical and structural properties; in 
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FIGURE 21.1 (a) Diagram of the experimental apparatus for the growth of graphene from food, insects, or waste in a tube furnace. On 
the left, the Cu foil with the carbon source contained in a quartz boat is placed at the hot zone of a tube furnace. The growth is performed 
at 1050°C under low pressure with a H2/Ar gas flow. On the right is a cross view that represents the formation of pristine graphene on the 
backside of the Cu substrate. (b) Growth of graphene from a cockroach leg. (i) One roach leg on top of the Cu foil. (ii) Roach leg under 
vacuum. (iii) Residue from the roach leg after annealing at 1050°C for 15 min. The pristine graphene grew on the bottom side of the Cu 
film (not shown). (Reprinted with permission from Ruan, G. et al. Growth of graphene from food, insects, and waste. ACS Nano, 5 (9), 7601 
–7607. Copyright 2011 American Chemical Society.)
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particular, NG is among the most promising metal-free cata-
lysts for replacing platinum. NG can be prepared from distinct 
precursors, for instance, GO, in combination with nitrogen 
sources. Thus, NG was prepared86 via pyrolysis of graphene 
oxide with a rationally selected nitrogen source polypyrrole, 
a nitrogen-containing polymer. Because of the large number 
of N atoms in the pyrrole ring, polypyrrole can facilitate the 
formation of graphitic nitrogen, which is considered vital for 
high catalytic activity. The resulting 3D porous structure of 
NG has an N doping level of 2–3 at.%, of which as high as 
44% are graphitic N. NG has high catalytic activity toward 
ORR in an alkaline electrolyte, excellent long-term stabil-
ity, and resistance to methanol crossover, and high catalytic 
activity toward oxygen evolution reaction (OER), rendering 
its potential application as a bifunctional electrocatalyst for 
both ORR and OER. Direct reactions of graphene itself and 
polypyrrole also lead to NG, as, for example, by pyrolysis of 
graphene coated with polypyrrole in an inert environment, 
resulting87 in the incorporation of nitrogen atoms in the gra-
phene network with simultaneous removal of the polymer. 
These NG sheets were used as a catalyst support for dispers-
ing platinum and platinum–cobalt alloy nanoparticles syn-
thesized by the modified polyol reduction method, yielding a 
uniform dispersion of the catalyst nanoparticles. Compared 
to commercial Pt/C electrocatalyst, Pt–Co/NG cathode 
electrocatalyst exhibited four times higher power density in 
PEMFCs, which is attributed to the excellent dispersion of 
Pt–Co alloy nanoparticles on the NG support, the alloying 
effect of Pt–Co, and the high electrocatalytic activity of the 

NG support. Among other nitrogen sources, NG was pre-
pared via pyrolysis of GO with melamine.88 The resulting 
product showed high electrocatalytic activity toward ORR 
in an alkaline solution with an onset potential of –0.10 V vs. 
Ag/AgCl reference electrode. Good stability and anti-cross-
over property were also observed, which are advantageous 
over the Pt/C catalyst. In addition, NG was prepared by 
simple pyrolysis of GO and polyaniline.89 The resulting NG 
contained 2.4 at.% of nitrogen, of which as high as 1.2 at.% 
was quaternary nitrogen. Electrochemical characterizations 
revealed that NG had excellent catalytic activity toward ORR 
in an alkaline electrolyte, including a desirable four-electron 
pathway for the formation of water, large kinetic-limiting 
current density, long-term stability, and good tolerance to 
methanol crossover. At last, a cost-effective synthesis of NG 
was developed90 by using cyanamide as a nitrogen source 
and GO as a precursor (Figure 21.2), which led to high and 
controllable nitrogen contents (4.0%–12.0%) after pyrolysis. 
NG thermally treated at 900°C showed a stable methanol 
crossover effect, high current density (6.67 mA·cm−2), and 
durability (~87% after 10,000 cycles) when catalyzing ORR 
in alkaline solution.

Among other studies, we note carbon-incorporating iron 
nitride nanoparticles deposited onto NG nanosheets (FeCN/
NG) as an alternative nonnoble metal catalyst, synthesized91 
by pyrolysis under an ammonia atmosphere. The optimally 
sized FeCN nanoparticles around 10 nm were obtained at a 
pyrolysis temperature of 700°C, delivering favorable ORR 
activity in the acid medium. After the durability test of 2000 
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FIGURE 21.2 Preparation of nitrogen-doped graphene. (Reprinted with permission from Parvez, K. et al. Nitrogen-doped graphene and 
its iron-based composite as efficient electrocatalysts for oxygen reduction reaction. ACS Nano, 6 (11), 9541–9550. Copyright 2011 American 
Chemical Society.)
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cycles, not only was the onset potential not significantly 
shifted but also more than 80% retention on its ORR activity 
recorded at 0.5 V was achieved, demonstrating its catalytic 
stability. In addition, NG, containing C]N and C5N bonds, 
was synthesized by CVD at 950°C, using metal tetrapyr-
azinoporphyrazine (MPTpz, M = Fe, Co, the mass ratio of 
FePTPz/CoPTpz is 1:1) as a precursor.92 It was suggested 
that single- and multilayer NG coexists in the products and 
it is of a graphite-like structure. It is necessary to mention 
that NG can also be obtained without high-temperature 
pyrolysis.93

21.4 GRAPHENE COMPOSITES

21.4.1  Graphene CompoSiteS with 
other Carbon allotropeS

Brush-type carbon nanotube (BCNT) film, which is com-
bined with graphene and CNT array, as a cathode on a trans-
parent substrate, was reported.94 Vertically aligned CNT 
(VACNT) arrays were prepared by pyrolysis and covered by 
few-layer graphene sheets like thin blankets. Taking BCNT 
roots as field emitters, the authors found that they have lower 
threshold field, higher emission current, and better lumines-
cence uniformity than that of as-grown VACNT emitters. 
Also, a series of composites containing resorcinol–formal-
dehyde resin and GO, prepared by a sol–gel process, were 
pyrolyzed76 in an inert atmosphere to form graphene sheet-
containing activated carbon (AC) by using an excess amount 
of KOH as an activating agent. In the resulting composites 
(with the graphene sheet surrounded by thin layers of porous 
AC), pores with diameters ranging from one to hundreds of 
nanometers were observed and the pore size distribution and 
surface area were found to depend on the component ratio of 
the composites. These AC samples were exploited as electrode 
materials for supercapacitors in both aqueous electrolyte and 
ionic liquid electrolyte. A certain attention is paid to the bio-
char, having a certain importance in the environmental area, 
fabricated as an engineered graphene-coated biochar from 
cotton wood.95 The biomass feedstock was first treated with 
graphene/pyrene-derivative and was then annealed at 600°C 
in a quartz tube furnace under N2 environment. It was shown 
that (a) the graphene sheets were “soldered” by the pyrene 
molecules on the biochar surface during the annealing pro-
cess; (b) the graphene “skin” could improve the thermal sta-
bility of the biochar, making the engineered biochar a better 
carbon sequester for large-scale land applications; and (c) the 
graphene-coated biochar has excellent adsorption ability of 
polycyclic aromatic hydrocarbons (PAHs). It is interesting to 
know about the ability of biochar to catalyze the reductive 
reactions of nitro herbicides and explosives, where graphene 
moieties, surface functional groups, and redox-active metals 
in biochar may be responsible for the biochar-mediated reac-
tions.96 At last, lithium insertion into carbon-rich polymer-
derived silicon oxycarbide (SiOC) ceramics, synthesized97 by 
a thermal treatment of commercially available polysiloxane 
at 400°C, followed by pyrolysis at 1100°C and 1300°C, was 

studied. In this system, the free carbon phase as a mixture of 
disordered carbon, nanocrystalline graphite, and graphene 
sheets was identified. This advantageous composition offers 
a large variety of Li-ion storage sites, providing high lithia-
tion capacities and reliable cycling behavior.

21.4.2 metal-doped Graphene

Almost all the few reported metal-doped graphene com-
posites are simultaneously N-doped, i.e., they represent 
M(metal)–NG systems, possessing high catalytic activities. 
Thus, the modified iron- and nitrogen-containing graphenes 
functioned as an efficient electrocatalyst for the ORR in acidic 
solutions with an onset potential of 850 mV vs. RHE in acidic 
solutions.98 In a related report,99 iron nanoparticle deposited 
NG (Figure 21.3) was easily produced in a single-step method 
by simple pyrolysis at a high temperature from the mixture of 
graphene with urea and iron acetate. The synthesized mate-
rial shows outstanding ORR performance compared to Pt/C. 
Also, a hybrid of many few-layer graphene carbon-coated Fe 
nanoparticles was produced by pyrolysis of iron tetrapyrid-
inoporphyrazine,100 mentioned above. This composite showed 
high electrochemical activity for oxygen reduction, and exhib-
ited high saturation magnetization and a negligible magnetic 
hysteresis, suitable for magnetic catalysts and catalyst-support 
particles. In addition, the graphene hybrid composites were 
synthesized101 by the unoxidizing pyrolysis of salt-milled 
solid carbon precursors using a specific iron catalyst. The 
measurement of bulk electrical resistivity showed that at cer-
tain MS/CS ratio (MS = metal source, CS = carbon source) 
between 0.1 and 0.2, the hybrid composites exhibited 6.5× 
more conductive than pure single-walled nanotube (SWNT) 
and 4.5× more conductive than pure graphene nanoplatelets. 
At last, graphene-based nonprecious metal catalysts for ORR 
were fabricated through the pyrolysis of a mixture of Fe and 
Co salts, polyaniline, and reduced graphene oxide (rGO).102 

FIGURE 21.3 Iron particles on nitrogen-doped graphene. 
(Reproduced with permission of The Electrochemical Society. Kim, 
B.; Yu, A.; Chen, Z. One step synthesis of iron deposited nitro-
gen doped graphene as a highly active electrocatalyst for oxygen 
reduction reaction. Abstract #63, 223rd ECS Meeting, 2013, The 
Electrochemical Society.)
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It was indicated that the transition metal nitrogen-containing 
moieties (M–Nx, M = Fe, and/or Co, x = 2 or 4) (a) could be 
embedded into the graphene sheets and (b) could act as cata-
lytic sites and boost the activity of catalysts in both acidic and 
alkaline medium. The effects of Fe and Co on electrochemi-
cal properties toward ORR were also investigated, and the 

results showed that the binary metal FeCo]N]rGO was the 
most active ORR catalyst.

Pt-nanoparticles-laden graphene (GR) crumples were 
directly synthesized77 from a colloidal mixture of aqueous chlo-
roplatinic acid (H2PtCl6) and GO sheets via aerosol spray pyrol-
ysis (Figure 21.4). The morphology of Pt/GR (Figure 21.5) was 
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FIGURE 21.4 Schematic diagram of the formation of Pt/GR composite from colloidal mixture of Pt nanoparticles and GO (graphene 
oxide) sheets by aerosol assisted self-assembly. (1) Colloidal mixture of chloroplatinic acid and GO sheets, (2) crumpling of GO by capillary 
compression, (3) drying of Pt nanoparticles, and (4) thermal reduction of GO and chloroplatinic acid. (Reproduced with permission of Taylor 
& Francis. Jang, H.D. et al. One-step synthesis of Pt-nanoparticles-laden graphene crumples by aerosol spray pyrolysis and evaluation of 
their electrocatalytic activity. 2013. Aerosol Science and Technology, 47, 93–98.)
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FIGURE 21.5 FE-SEM and TEM images of the Pt/GR composite prepared with various temperatures of (a1, a2) 500°C, (b1, b2) 700°C, 
and (c1, c2) 900°C while the GO concentration of the colloid was 0.5 wt.%, Pt content was 20 wt.%, and the carrier gas flow rate was 
1 L·min−1. (Reproduced with permission of Taylor & Francis Jang, H.D. et al. One-step synthesis of Pt-nanoparticles-laden graphene crum-
ples by aerosol spray pyrolysis and evaluation of their electrocatalytic activity. 2013. Aerosol Science and Technology, 47, 93–98.) 
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the shape of a crumpled sheet of paper and the average size of 
the composite was around 1.3 µm in diameter. Electrocatalytic 
application of the Pt/GR composites was examined through 
methanol oxidation reaction. The 20 wt.% Pt/GR synthesized 
at 900°C showed a higher performance on methanol oxidation 
than a commercial 20 wt.% Pt/carbon black catalyst. In case 
of another noble metal (Pd), its triangular-shaped nanoparticles 
decorated with NG were reported.103 NG was synthesized by 
uniform coating of a polyelectrolyte-modified graphene surface 
with a nitrogen-containing polymer followed by their pyrolysis. 
The triangular-shaped Pd nanoparticles were decorated over 
NG by kinetically controlling the polyol reduction process. 
As a result, highly dispersed anisotropic nanoparticles were 
formed over the graphene support, being a good electrocatalyst 
for the ORR and highly stable in acidic media due to the strong 
binding between the Pd nanoparticles and the graphene support 
as a result of nitrogen doping, which also has high methanol 
tolerance in acidic media.

21.4.3  metal oxide/Graphene and metal 
Salt/Graphene CompoSiteS

Few data are available on the pyrolytic fabrication of metal 
oxide (salt)/graphene composites. Thus, damage-free direct 
growth of high-quality semiconducting ZnO thin films on 
thermal CVD-grown graphene transferred onto a plastic sub-
strate was described.104 A mist pyrolysis CVD (MPCVD) 
method based on a nonvacuum process at a low growth 
temperature of 160°C was introduced for the direct growth 
of ZnO on graphene without any additional treatments or 
processes. The resulting MPCVD-grown ZnO thin films 
revealed more uniform surface morphology and better struc-
tural property than ZnO thin films deposited using sol–gel 
and sputtering. Alternatively, functionalized graphene sheets 
(FGS)/ZnO nanocomposites, containing well-dispersed ZnO 
nanoparticles deposited on FGS homogeneously, were fabri-
cated105 via thermal treatment method, using GO as a precur-
sor of graphene, Zn(NH3)4CO3 as a precursor of zinc oxide, 
and poly(vinyl pyrrolidone) as an intermediate to combine 
zinc with carbon materials (Figure 21.6). The composites 
exhibited photocatalytic activity to decompose rhodamine 6G 
effciently under low-power UV light.

An intriguing strategy (Figure 21.7) by choosing planar 
molecules of macrocyclic coordination compounds, such as 
cobalt phthalocyanine (CoPc), was offered106 for the purpose 
of fabricating organic metal/graphene composites. Owing to 
their pronounced π-interactions with graphene sheets, they 
enable a homogeneous dispersion of cobalt and cobalt oxide 
onto the graphene sheets (Figure 21.8) by a simple pyrolysis 
and oxidation process. As a consequence, the graphene sheets 
in composites can not only efficiently buffer the volume 
change of cobalt oxide during the charging and discharging 
processes but also preserve the high electrical conductivity 
of the overall electrode. It can be envisioned that Fe2O3, CuO, 
and other metal or metal oxide-based graphene composites 
can be easily synthesized in the same manner by using the 
corresponding metal–macrocyclic precursors.

CdS nanorod/graphene nanosheet (CdS/GNS) nanocom-
posite was synthesized by the pyrolysis of a single-source 
precursor (bis(2-mercaptobenzothiazolato)-cadmium (II)) 
under nitrogen atmosphere.107 It was established that the CdS 
nanorods were effectively coated by GNS. The nanocomposite 
displayed a remarkable fluorescence quenching effect, imply-
ing that there was a high-efficiency energy transfer between 
the GNS and coated CdS nanorods, which could be applied in 
new optoelectronic or photovoltaic devices. The synthesis of 
few-layer graphenes was carried out over Au/hydroxyapatite 
catalytic system by radio-frequency CVD, with acetylene and 
methane as the carbon sources.108 The resulting multicompo-
nent nanocomposite material formed out of graphene layers, 
Au nanoparticles supported on the surface of hydroxyapatite 
nanoparticles, was found to have good biocompatibility and 
induce excellent bone cellular proliferation. The porous phase 
pure lithium iron phosphate (LiFePO4/C) composite particles 
with a few nanometers thick layer of carbon were synthesized 
by the sol–gel method.109 The in situ coating of carbon on the 
LiFePO4 particles was achieved by the pyrolysis of carbon 
source during thermal treatment. The composite synthesized 
via a single-step thermal treatment at 700°C in the presence 
of a mixture of citric acid and sucrose possessed a large sur-
face area and porous structure. The structure of the residual 
carbon coated in this sample is observed to be graphene-rich 
with the lowest D/G (disordered/graphene) ratio in the Raman 
spectra. In addition, porous Li4Ti5O12 coated with few-layer 
graphene was prepared via the low-temperature pyrolysis of 
C28H16Br2 at 400°C.110 The coated sample showed superior Li 
storage performance compared with the as-prepared sample. 
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FIGURE 21.6 Schematic of the fabrication process for FGS/
ZnO nanocomposites. (Reprinted with permission from Yang, Y. 
et al. Facile fabrication of functionalized graphene sheets (FGS)/
ZnO nanocomposites with photocatalytic property. ACS Applied 
Materials and Interfaces, 3, 2779–2785. Copyright 2011 American 
Chemical Society.)
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materials for lithium ion batteries. ChemSusChem. 2010. 3. 236–239. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
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Capacities of 131 and 104 mA·h·g−1 can be reached at current 
rates of 5 and 10 C, respectively.

21.5  CLOSELY RELATED CARBON 
NANOSTRUCTURES OBTAINED 
BY PYROLYSIS

Talking about graphene, its quantum dots should be men-
tioned.111 As the latest member of graphene families, graphene 
quantum dots (GQDs) have excellent performances conferred 
by graphene.112 GQDs exhibit additional intriguing properties 
due to quantum confinement and edge effects, so they have 
attracted considerable attention from scientists. Their synthe-
sis methods are based on a top-down approach consisting of 
hydrothermal methods, electrochemical strategies, and chem-
ical exfoliation of carbon fibers, and bottom-up techniques 
mainly involving solution chemistry methods, ultrasonic and 
microwave preparation, and controlled pyrolysis of PAHs. 
As an example of their synthesis by pyrolysis, we note bright 
blue fluorescent glutathione-functionalized graphene quan-
tum dots (GQDs@GSH), prepared113 by a one-step pyrolysis 
method with a fluorescence quantum yield as high as 33.6%. 
The obtained GQDs@GSH can be used as a probe to estimate 
the ATP level in cell lysates and human blood serum.

Various pillared carbons consisting of silsesquioxane- 
(empirical chemical formula RSiO3/2 where R is either hydro-
gen or an alkyl, alkene, aryl, arylene group, Figure 21.9) 
bridged graphene layers were prepared from the pyrolysis of 
silylated graphite oxides.114 Pillared carbons with interlayer 
spacings of 1.34–1.6 nm were obtained when prepared from 
graphite oxide silylated with alkyltrichlorosilane and then 
with methyltrichlorosilane. The graphene layers of pillared 
carbons were not well ordered when it was obtained from 
graphite oxide silylated with alkyltrichlorosialne and then 
with 3-aminopropyltriethoxysilane.

Multilayer graphene flakes (MLGFs) and  multiwalled carbon 
nanotubes (MWCNTs) were produced from pyrolyzing biode-
gradable poly(butylene succinate) (–[OC(CH2)2COO(CH2)4O]n–) 
composites.115 The morphology of these carbon nanomaterials 
was significantly influenced by the catalyst precursors used. 

When MnO2 was used as the catalyst precursor, MLGFs with 
the thickness between 1.4 and 4 nm were produced. However, 
when Ni2O3 was used, MWCNTs with a diameter of 18–28 nm 
were obtained. It was demonstrated that MnO and Ni, in situ 
formed from MnO2 and Ni2O3, were the active sites for the 
formation of MLGFs and MWCNTs, respectively. Another 
example is the pyrolysis (1000–1600°C) under high pressure 
(1.25 up to 7.7 GPa) of hydrocarbons dispersed inside a nano-
sized silica matrix (Aerosil; silica powder terminated by methyl 
groups with carbon contents ranging from 0.7 to 4 wt.%).116 The 
samples consisted of hydrophobic nanometric silica powder ter-
minated by methyl groups with carbon contents ranging from 
0.7 to 4 wt%. The resulting carbon nanostructures were actually 
graphene-like nanoflakes (6–30 nm). It was revealed that the 
very good dispersion of the methyl groups inside the nanosize 
silica matrix, and the confinement under high pressure during 
the pyrolysis both played a relevant role in the resulting carbon 
nanostructures. In addition, nanostructured graphite flakes sup-
ported by SiC particles were prepared through a simple one-step 
pyrolysis of a polymer precursor.117 This nanostructured com-
posite was found to be composed of SiC nanoparticles with the 
size of ~150 nm, which were surrounded with many randomly 
distributed nanoscale graphite flakes. The graphite flakes dis-
tributed randomly and each graphite flake contained ~10 layers 
of monolayer graphene. Also, a carbon nanomaterial in the form 
of hollow hexagonal platelets with shells of disordered graphene 
layers was synthesized118 through CH4 pyrolysis on pseudomor-
phic hexagonal MgO platelets 1–2 µm in average size, followed 
by the dissolution of magnesium oxide. The material has a spe-
cific surface area above 1300 m2·g−1, specific pore volume of 
3.23 cm3·g−1, and resistivity of 0.08 Ω·cm. At last, single-layer-
graphene-assembled 3D hexaporous carbon, prepared119 by 
catalyst-free pyrolysis of poly(4-styrenesulfonic acid-co-maleic 
acid) sodium salt, had a hierarchical structure of mesoporous 
as well as microporous graphene with hexagonal nanopores of 
uniform size and shape and was found to be highly conducting 
in aqueous electrolyte, with an extremely high surface area of 
1720 m2·g−1 and an enhanced capacitance of 154 F·g−1.

21.6  SPECIAL STUDIES OF PYROLYSIS-
FABRICATED GRAPHENE

The electronic structure of terraces of single-layer graphene 
(SLG) was investigated120 by scanning tunneling microscopy 
on samples grown by thermal decomposition of 6H-SiC(0001) 
crystals in ultrahigh vacuum. Armchair edges were found 
to favor intervalley quasiparticle scattering, leading to the 
(√3×√3)R30°, LDOS superstructure already reported for 
graphite edges and more recently for SLG on SiC(0001). The 
intrinsic doping of SLG is responsible for an LDOS pattern at 
the Fermi energy, which is more complex than for neutral gra-
phene or graphite, since it combines local (√3×√3)R30°, super-
structure and long-range beating modulation. In a related 
report,121 the growth mode of graphene on SiC(0001) and 
SiC( )0001  via thermal decomposition at elevated temperature 
was determined using ultrathin, isotopically labeled Si13C 
“marker layers” grown epitaxially on the Si12C surfaces. For 
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both surface terminations (Si face and C face), the authors 
found that the 13C is located mainly in the outermost graphene 
layers, indicating that, during decomposition, new graphene 
layers form underneath existing ones.

The influence of dilution gases on multilayer graphene for-
mation in laser pyrolysis was investigated.122 Low aggregated 
carbon nanoparticles with dimensions between 12 and 33 nm, 
which present a structured surface with multilayer graphene, 
were synthesized from a C2H2/SF6 gas mixture with differ-
ent dilution gases. The longest multigraphene sheets were 
obtained for a C/F = 3 atomic ratio and when N2O was used 
as a dilution gas. The obtained carbon nanoparticles pre-
sented electrical conductivity values comparable with those 
of MWCNTs, but lower than those of single-walled CNTs. In 
addition, three graphene devices with different levels of dis-
order in the graphene structure, prepared123 by (a) exfoliation 
from highly oriented pyrolytic graphite (HOPG), (b) CVD, 
using Cu foil as a catalyst, and (c) CVD, using a Ni layer 
evaporated on a Si/SiO2 substrate as a catalyst, were studied 
in respect of the gate voltage characteristics, quantum Hall 
effect (QHE), and temperature dependences of the conductiv-
ity. It was indicated that, unlike the highly ordered crystal of 
exfoliated graphene, the graphene sample produced by the 
CVD method on the Ni substrate showed a significant deg-
radation of the QHE signature with a resistivity value three 
orders of magnitude higher than that in a graphene crystal. 
Thermal assistance plays an important role in the electronic 
transport of graphene grown on Ni with more disordered 
structure, which causes conductivity to increase with rising 
temperature.

21.7 CONCLUSIONS AND FURTHER OUTLOOK

Graphene and its composites can be easily obtained by 
pyrolysis of organic and inorganic carbon-containing com-
pounds as precursors. These precursors are on the basis of 
silicon carbide, graphite, graphite oxide, GO, hydrocarbons, 
ethanol, polymers, and natural products, such as camphor, 
glucose, cotton, or wood. The discussed synthesis technique 
also allows the fabrication of numerous composites of gra-
phene with other carbon allotropes, metals, oxides, and salts. 
A variety of combinations of pyrolysis with other modern 
techniques are used, for instance, the combination of micro-
wave irradiation with high-temperature pyrolysis or ultra-
sonic spray pyrolysis. CVD as a closely related method is also 
widely used. The as-obtained graphenes/composites possess 
a host of useful applications in several areas, first of all in 
catalysis and photocatalytic sensors, as well as in electronic 
devices, energy-related materials, PEMFCs, sorbents, and 
biocompatible materials.

Taking into account the considerable variety of other con-
stantly developing methods in such a hot topic as graphene 
fabrication, we cannot consider classic pyrolysis as the prin-
cipal synthesis technique. It is expected that pyrolysis will 
develop in combination with other methods for the prepara-
tion of novel composites based on graphene.
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22 Graphene Nanoribbons 
Synthesis by Gamma Irradiation 
of Graphene and Unzipping of 
Multiwall Carbon Nanotubes

Z. Marković, S. Jovanović, M. Milosavljević, 
I. Holclajtner-Antunović, and B. Todorović-Marković

ABSTRACT

In this chapter, we have considered the possible usage of γ-rays 
for the synthesis of graphene nanoribbons (GNRs). At the 
same time, we have performed a comparative study of GNR 
properties produced by two different methods: γ-irradiation 
of graphene and unzipping of multiwall carbon nanotubes 
(MWCNTs).

This chapter focuses mainly on the structure of synthesized 
GNRs. A few different characterization techniques were used 
to observe changes in morphology and structure of irradiated 
graphene and unzipped MWCNTs: Raman and Fourier trans-
form infrared spectroscopy, atomic force and transmission 
electron microscopy. It was established that γ-rays carved gra-
phene along a particular family of crystallographic directions 
in the basal plane. GNRs produced by two different methods 
vary in length, width, and height.

22.1 INTRODUCTION

Owing to its unique electronic properties, graphene has 
attracted considerable attention as a new electronic material 
for both fundamental investigations and potential applica-
tions (Allen et  al. 2010). However, the bulk graphene sheet 
is a semimetal with a zero band gap and cannot be used for 
room temperature transistors with sufficient on/off ratio, 
which remains a main challenge for the application of gra-
phene in digital electronic or photonic applications. A num-
ber of approaches has been proposed for inducing a band gap 
in mono- or bilayer graphene. One of the possible materials 
that could be used instead of graphene in room temperature 
transistors are graphene nanoribbons (GNRs). By cutting 2D 
graphene into 1D GNRs, GNRs with various edge structures 
(zigzag or armchair) can be obtained. In fact, GNRs are strips 
of graphene with ultra-thin width (<50 nm) and the bandgap 
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of GNRs is essentially governed by the ribbon width and the 
edge configuration. They are predicted to be semiconducting 
due to the lateral confinement of the electron wave function in 
the transverse direction and edge disorder induced Anderson 
localization. GNRs were originally introduced as a theoretical 
model by Fujita et al. to examine the edge and nanoscale size 
effect in graphene (Nakada et al. 1996). The possible fields of 
GNRs application are very wide: they can be used in trans-
parent conductive electrodes, in liquid crystals, solar cell sys-
tems, light-emitting diodes, P–N junctions, Schotkky diodes, 
and as mentioned above, in field effect transistors (Chen et al. 
2007; Li et al. 2008; Wang et al. 2008; Kargar and Lee 2009; 
Rahmani et al. 2012; Xie et al. 2012).

To solve the problem of GNR mass production, many 
researchers proposed different methods and strategies for 
GNR preparation. Some of the proposed methods are: litho-
graphic patterning followed by plasma etching of graphene 
(Chen et al. 2007; Han et al. 2007), sonochemical breaking of 
chemically derived graphene (Li et al. 2008), metal-catalyzed 
(Ci et al. 2008; Datta et al. 2008) or cutting of oxidized gra-
phene (Fujii and Enoki 2010), direct chemical vapor deposi-
tion (CVD) synthesis (Campos-Delgado et al. 2008), chemical 
synthesis (Yang et al. 2008; Cai et al. 2010), and unzipping 
of carbon nanotubes (CNTs) (Kosynkin et al. 2009). One of 
the latest proposed methods is a production of oligographene 
nanoribbons by applying γ-rays.

γ-Irradiation is high-energy ionizing irradiation. γ-Photons 
have no mass and no electrical charge—they are pure elec-
tromagnetic energy. Because of their high energy, γ-photons 
travel at the speed of light. They can pass through many kinds 
of materials, including human tissue. γ-Irradiation is often 
used in industry for sterilization of gaseous, liquid, solid 
materials, homogeneous and heterogeneous systems, dispos-
able medical equipment, such as syringes, needles, cannulas, 
density materials, and cosmetics. Advantages of γ-irradiation 
over the other sterilization methods are that this is a cold 
method. In this way, there is no increase in temperature, com-
plete penetration can be achieved and no residue after steril-
ization remains, etc.

Considering its high energy and great penetrating power, 
γ-irradiation can cause structural changes in carbon-based 
materials. From the aspect of structural modification of car-
bon-based materials, the advantage of γ-irradiation over clas-
sical chemical reactions is that during γ-irradiation, reactive 
radical species were formed. As soon as the radiation source is 
removed, these radical species are quenched. Thus, an aggres-
sive chemical approach followed by many cleaning steps is 
avoided. This high-energy radiation causes different struc-
tural changes in fullerenes, single (SWCNTs) and multiwall 
carbon nanotubes (MWCNTs), and graphene oxide (GO). In 
Table 22.1, the major effects of γ-irradiation in various media 
on different carbon nanomaterials are presented.

Isakovic et  al. demonstrated γ-irradiation-mediated 
changes in the physicochemical properties of THF-
prepared nanocrystalline C60, resulting in a complete loss 
of its cytotoxic effect and its conversion to a cytoprotec-
tive agent (Isakovic et  al. 2006). To reduce the amount of 

DNA necessary for SWCNT functionalization, we used 
γ-irradiation as a pretreatment (Jovanovic et  al. 2009). 
This process caused a covalent functionalization of car-
bon nanotubes (CNTs) in nonreactive medium—nanotubes 
were soaked in water, aqua ammonia or in air, and during 
γ-irradiation free radicals were formed and then reacted with 
CNTs. After irradiation, radicals rapidly formed stable mol-
ecules. From the economic as well as the ecological aspect, 
this approach has advantages considering the reduced num-
ber of synthetic steps and reduced consumption of chemi-
cals. Jovanovic et al. showed that γ-irradiation of SWCNTs 
in an aqueous environment leads to SWCNT oxidation 
and the oxidation level is proportional to the applied dose 
(Jovanovic et al. 2011). Also, Kleut et al. showed that upon 
γ-irradiation SWCNTs were cut (Kleut et al. 2012; Markovic 
et  al. 2012a). Depending on the applied dose, γ-irradiation 
can cause shortening of nanotubes up to 50% of their origi-
nal length. The cutting of nanotubes is a result of the creation 
of a highly oxidative medium during irradiation of water, 
aqua ammonia, or air. It was also noticed that irradiation of 
SWCNTs caused covalent modification of CNTs.

Upon γ-irradiation, carbon atoms of MWCNTs interact 
with γ-photons mainly through Compton scattering: inci-
dent, γ-photons collide into nuclei of the C atom at MWCNTs 
and a new photon (called a recoiled electron) with a differ-
ent wavelength has been scattered. Up to a dose of 200 kGy, 
disorder in MWCNTs increases together with the applied 
dose, as a result of knock-on displacement and sputtering of 
C atoms (Li et al. 2013). But above 200 kGy, the annealing 
of MWCNTs occurred and it was a dominant effect. Under 
γ-irradiation of MWCNTs in air, Xu et al. (2011) were able 
to decrease interwall distance and improved their graphitic 
order. Opposite to irradiation in air, when MWCNTs were 
exposed to γ-irradiation in epoxy-chloropropane, structural 
disorder as well as the interwall distance of MWCNTs was 
increased. By changing the dose of γ-irradiation, Guo et al.
(2005) were able to control the concentration of functional 
groups attached to MWCNTs.

Effects of γ-irradiation on graphene sheets were also inves-
tigated. The high penetrating power of γ-irradiation makes 
γ-irradiation a promising candidate for interlayer functional-
ization of GO. Zhang et al. (2012a) noticed that γ-irradiation 
of GO in a mixture of water and alcohol caused the reduction 
of GO. During radiolysis of water both oxidative (hydroxyl 
radicals) and reductive (hydrogen radicals and electrons) 
species were formed. The addition of alcohols results in 
the quenching of oxidative species, so a reductive medium 
could be formed. As a result, in this medium graphene oxide 
sheets were reduced in just one step. Chen et al. (2012) used 
γ-irradiation as a tool for functionalization of GO. They dis-
persed GO in a mixture of toluene and styrene as a monomer. 
This dispersion was then irradiated with a dose of 200 kGy. 
The resulting GO had polystyrene chains covalently attached 
to the graphene sheets. This approach offers the possibility 
for graphene sheet functionalization with little agglomeration 
and a high percentage of graphene monolayers, but irradiation 
also caused the cutting of graphene sheets.
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TABLE 22.1
Effects of γ-Irradiation on Carbon Nanomaterials

Material Conditions for Irradiation Dose (kGy) Structural Changes Morphology References

C60 C60 with or without water 6000 Dimerization and 
trimerization

No data Basiuk et al. (2005)

C60, C70 C60, C70 in vacuum without solvent 2600 Oligomerization No data Cataldo (2000)

C60 C60 in toluene, in high vacuum 12–96 Covalent attached benzyl 
radicals on fullerene 
cage

No data Cataldo et al. (2009)

C60 C60 and polyisoprene in n-hexane 
or toluene

50–150 Fullerene grafted on 
polyisoprene chains

No data Cataldo et al. 
(2008a,b)

Nano-C60 Water colloid of nano-C60 33.9 Extensive surface 
derivatization of the 
n-C60

Agglomeration Isakovic et al. 
(2006)

SWCNTs SWCNTs in water, air, and aqua 
ammonia

50 Moderate covalent 
modification

Improvement of 
debundling

Jovanovic et al. 
(2009)

SWCNTs SWCNTs in water, air, and aqua 
ammonia

25–100 Covalent modification 
(COOH, OH)

Cutting Jovanovic et al. 
(2011) and Kleut 
et al. (2012)

MWCNTs MWCNTs in air 50–250 Increased concentration 
of functional groups 
bound to MWCNTs

No changes Guo et al. (2005)

MWCNTs MWCNTs irradiated ethanol, then 
poly(acrylic acid) (PAA) added 
and irradiated

50 then 20 Covalent PAA-grafted 
MWCNTs

A core–shell 
structure, with 
increased external 
diameter

Chen et al. (2006)

SWCNTs, 
MWCNTs

CNTs in air, CNTs in water with 
Na2S2O3 or CS2, triton X-100, 
CNTs in dichloroethane with 
Na2S2O3 or CS2, triton X-100

 30 Carboxylation 
sulfonation alkylation

No data Oh et al. (2006)

SWCNTs, 
MWCNTs

CNTs in water, poly(vinyl alcohol) 
and AgNO3, without oxygen

 55 Decoration of CNTs with 
Ag nanoparticles and 
poly(vinyl alcohol)

Ag nanoparticles onto 
CNT walls

Cveticanin et al. 
(2010)

GO GO in alcohol/water in the absence 
of oxygen

 Up to 46.7 Reduction and some 
alkylation

Wrinkled Zhang et al. (2012a)

GO GO in ethylenediamine/water in 
the absence of oxygen

 5–35.3 Reduction and 
modification by 
introducing C–N bonds

No data Li et al. (2014)

GO GO in DMF in the absence of 
oxygen

 300 Reduction No changes Zhang et al. (2012c)

GO and GNR GO in air GNR in air 60–150  Strong increase in 
carbon lattice defects

No data Ansón-Casaos et al. 
(2014)

GO GO with AgNO3 and 1-ethyl-3-
methylimidazolium acetate in 
water

160  Reduction of GO and Ag Wrinkled regions, 
scrolled edge of 
graphene sheets 
decorated with 
nearly spherical Ag 
nanoparticles

Wang et al. (2013)

GO GO paper in pure gaseous phase 
hydrogen

 100–500 Reduction Perforated graphene 
with pores of 3 nm

Dumee et al. (2014)

GO GO in styrene–toluene (1:1) 200 Covalent attachment of 
the polymer chains

Cutting, vacancies, 
“bumpy” edges and 
surface

Chen et al. (2012)

GO GO in ethyl acetate vinyl acetate 
(EAc) in the absence of oxygen

 30 Covalent attachment of 
the co-polymer chains

GO sheets covered 
polymer chains, 
wrinkled edges

Zhang et al. (2012b)
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In this chapter, at first we have investigated the effect of 
γ-irradiation on graphene structure. Namely, graphene dis-
persed in cyclopentanone (CPO) is exposed to different doses 
of γ-irradiation. The main result of this experiment was the 
formation of GNRs. In the second experiment, GNRs are 
formed by unzipping of multiwall nanotubes. Different char-
acterization techniques were used to characterize produced 
GNRs: atomic force microscopy (AFM), transmission elec-
tron microscopy (TEM), Raman spectroscopy, and Fourier 
transform infrared spectroscopy (FTIR). We compared the 
average width, height, and length of produced GNRs. We 
tried to explain possible formation mechanisms of GNRs dur-
ing γ-irradiation of graphene sheets and through unzipping of 
CNTs as well.

22.2  SUMMARY OF EXISTING METHODS 
FOR GNRs SYNTHESIS

Over the past years, several different approaches for GNR 
synthesis have been developed. As a starting material for 
GNR synthesis CNTs, graphene, amorphous carbon, or 
organic monomers can be used. The list of methods for GNR 
synthesis, GNR properties, and yields is shown in Table 22.2.

MWCNTs and SWCNTs can be used as a precursor in GNR 
synthesis as well. One approach is longitudinal unzipping of 
MWCNTs and SWCNTs (Kosynkin et al. 2009). This goal was 
achieved by oxidation of CNTs with permanganate in concen-
trated sulfuric acid (Kosynkin et al. 2009). The mechanism of 
the CNT opening along the wall or longitudinally starts with 
manganate ester formation with two adjacent carbon atoms at 
the side wall of CNTs. Then further oxidation can take place 
and a dione can be formed. The formation of a dione inside 
the wall of CNTs causes the bond angle and the buttressing-
induced strain on β, γ-alkenes, which causes further opening 
of CNTs. Resulting GNRs have carboxyl and carbonyl func-
tional groups at the edges. Structural disorder can be decreased 
by reduction with hydrazine. The width of nanoribbons was 
between 100 and 500 nm and the length up to 4 µm.

Other possibility for GNR synthesis from MWCNTs is 
an intercalation of lithium ions in liquid ammonia (Cano-
Marquez et al. 2009). Cano-Marquez et al. used open-ended 
MWCNTs, which were intercalated with ionic Li in liquid 
NH3 and exfoliated with acid treatment, thus unfolding con-
centric carbon tubules into exfoliated graphitic ribbons and 
stacked sheets. The process of interaction of ammonia-sol-
vated Li ion and MWCNTs is a result of electrostatic attrac-
tion between the negatively charged nanotubes and positively 
charged Li ions. The unwrapping of MWCNTs started from 
their tips. Further intercalations cause the increase of inter-
layer spacing and stress ruptures the walls. The treatment 
with acid caused further opening of the nanotubes through 
the exothermic reaction of acid (HCl) with Li+ and the neu-
tralization of ammonia. The yields of GNRs were up to 60%.

Sonochemical unzipping of CNTs is one more approach 
for GNR synthesis (Xie et al. 2011). In this method, the first 
step was heating of MWCNTs in air at 500°C in order to 
remove impurities and etch or oxidize MWCNTs at defect 

sites and ends of nanotubes. Then, MWCNTs were dispersed 
with poly[(m-phenylenevinylene)-co-(2,5-dioctoxy-p-phenyl-
enevinylene)] in 1,2-dichloroethane and sonicated. Upon soni-
cation, MWCNTs were unzipped into ribbons. The width of 
the GNRs was between 10 and 30 nm. GNRs prepared by this 
method have smooth edges and low resistivity compared to 
ribbons produced by other methods.

Also, GNRs have been synthesized by sonochemical cut-
ting of exfoliated graphene. Wu et al. (2010) used chemically 
derived graphene sheets and sonochemically cut this mate-
rial into GNRs . Graphene sheets were dispersed in a mixture 
of polyvinylpirolidone and sodium dodecyl sulfate to form a 
stable homogenous suspension by sonication in a high-shear 
mixer. After sonication, the GNRs were reduced with hydra-
zine hydrate in order to decrease oxygen content and to restore 
sp2 structure. Although the yield was just 5% of the starting 
material, the width of GNRs was between 5 and 50 nm and 
several micrometers in length. In the mechanism of GNRs 
formation, epoxy groups (C─O─C) which are formed by 
joining two adjacent carbon atoms in graphite material have 
a central role. The epoxy groups act cooperatively and tend to 
line up on the graphite surface since the side-by-side paral-
lel positioning of the epoxy bridges is energetically favored. 
During GO heating, some of oxygen containing groups were 
decomposed into CO2. In this way, vacancies and defects were 
formed on graphene sheets . The initial unzipping place was 
the line defect on the graphene sheets, considering that the 
C─C bonds were stretched and therefore were weak. Upon 
sonication, the stretched C─C or C─O─C bonds located at 
the line defects could break up. The most important factors 
for the formation of zigzag or armchair GNRs are the dis-
tribution and position of line faults on graphene sheets. The 
most promising result is that about 75% of produced GNRs 
were single layer.

Plasma etching is another possibility for GNR synthesis 
where the starting material is graphene. Xie et  al. (2010) 
prepared GNRs in a hydrogen plasma reaction at 300°C. 
They were able to etch graphene sheets only at the edges 
without creating defects on the basal plane. Direct expo-
sure of the graphene to plasma source was avoided by keep-
ing the distance at 40 cm. The etching rate of the graphene 
sheet was 0.27 ± 0.05 nm/min for graphene monolayer and 
0.10 ± 0.03 nm/min for few layer graphene. By applying low 
plasma power (20 W), high pressure of hydrogen (300 mTorr) 
and long distance between the graphene sample and the 
plasma source, in-plane hydrogenation of the graphene sheet 
was prevented. The mechanism of etching involves two steps. 
First, the C atoms at the edge were hydrogenated with reactive 
H species and C─H groups were formed. Second, C─C bonds 
adjacent to C─H bonds at the edge could be cleaved and the C 
atoms were eliminated from the graphene sheet in the form of 
CH4 molecules. The nanoribbons produced were semiconduc-
tors, with width less than 5 nm. They had H-terminated edges 
and without in-plane defects.

Lithographic patterning is a method for nanoribbon syn-
thesis in which graphene is a starting material (Zhang et al. 
2005; Han et al. 2007). A sheet of graphene was fabricated 
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onto a SiO2/Si substrate and connected with Cr/Au electrodes. 
Then hydrogen silsesquioxane (HSQ) is deposited on the sam-
ples, followed by e-beam lithographic patterning to form an 
etch mask that will define nanoribbons. These samples were 
exposed to oxygen plasma to etch away graphene that is not 
protected with the HSQ mask.

All the methods described above are bottom-down strat-
egies; the starting materials are graphene-like structures, 
which have been tailored into nanoribbons. Bottom-up strate-
gies are based on the synthesis of GNRs from carbon atoms 
or molecules. The starting material for GNR synthesis can 
be polycyclic aromatic molecules or carbon atoms. Bottom-up 
synthesis of GNRs by polymerization of polycyclic aromatic 
hydrocarbons is a method which allows atomic precision in 
the width and edge structure of the GNRs (Cai et  al. 2010; 
Talirz et al. 2013). This method is a thermal, radical polymer-
ization of polycyclic aromatic hydrocarbons: during thermal 
sublimation of the 10,10′-dibromo-9,9′-bianthryl precursor 
monomers on a solid surface, their halogen substituents were 
removed and they built blocks of graphene ribbons, as a bi-
radical species. In the next step, a fully aromatic system is 
created by a cyclodehydrogenation. Both reactions were con-
ducted on a solid substrate. The limit for lengths of GNRs is 
about 30 nm. The advantage of this synthetic method is con-
trol of size and structure of the nanoribbons.

During CVD, graphene layers were grown on a Pd 
nanowire template (Yu et al. 2010). Edge-closed GNRs were 
obtained by removing the Pd template with nitric acid, while 
edge-opened GNRs were prepared using O2 plasma etching 
and removing the Pd nanowires with nitric acid. The length of 
the GNRs was from 20 to 30 mm and the width was between 
20 and 300 nm. This method is the most promising strategy 
for large-scale GNR production.

From the above mentioned, the synthesis of high-quality 
nanoribbons with low width often demands expensive chemi-
cals and equipment. Furthermore, yields of GNRs are very 
small or often they can be obtained only on the substrate. On 
the contrary, the synthesis of GNRs in larger amounts will 
result in nanoribbons with low quality, of various lengths, 
widths, and very defective structure. Considering all aspects 
of GNR synthesis, together with the quality of the resulting 
material, it is obvious that the ideal approach for synthesis of 
high-quality nanoribbons in large quantities still needs to be 
discovered. In the further sections, we will explore the pos-
sibility of the application of γ-irradiation in GNR synthesis 
through graphene irradiation. The properties of those GNRs 
will be compared to GNRs produced by the well-known 
method of longitudinal unzipping of MWCNTs.

22.3 MATERIALS AND METHODS

22.3.1 GnrS SyntheSiS by γ-rayS

An amount of 2 mg of graphite (TimcalKS4) was dissolved in 
10 mL of CPO and sonicated (ultrasonic bath power 750 W) 
for 32 h. The graphene colloid was centrifuged at 4000 rpm 
for 1 h. The supernatant was irradiated by a γ-ray flux from 

60Co nuclides with photon energy of 1.3 MeV (Centre of 
Irradiation, Vinča Institute of Nuclear Sciences, Belgrade, 
Serbia). The samples were exposed to γ-irradiation at dif-
ferent doses of 25, 50, 100, and 125 kGy, respectively. Ten 
microliters of colloid was deposited on freshly washed sili-
con substrate with silicon dioxide coating and spin coated 
at 3000 rpm for 1 min. The deposited films were dried in a 
vacuum furnace at a 600°C and 10−5 mbar for 1 h to remove 
CPO and its radiolytic products completely.

22.3.2 SyntheSiS oF GnrS by unzippinG oF mwCntS

GNRs were synthesized by longitudinal unzipping of 
MWCNTs (Kosynkin et  al. 2009). One hundred milligrams 
of MWCNTs (Nanostructured and Amorphous Materials, Inc. 
Los Alamos, New Mexico) was dispersed in 50 mL of concen-
trated H2SO4 for 30 min. The dispersion was then stirred at 
room temperature while KMnO4 was added (500 mg). Stirring 
at room temperature was continued up to 1 h. After that, the 
dispersion was stirred for 1 h at 80°C. The reaction mixture 
was neutralized by pouring into deionized water that contained 
2 mL of 30% H2O2 in ice bath. The solution was filtrated over 
0.45 µm PTFE filter, and the solid was washed with water until 
the pH was 7. In order to remove the amorphous carbon from 
the GNRs, the solid on the filter was dispersed in dimethylfor-
mamide (DMF) and filtrated. Then, the GNRs were washed 
with water, ethanol, and dried with diethyl ether.

22.3.3 CharaCterization oF GnrS

Microstructure and morphological changes of GNRs deposited 
on silicon substrates were recorded by an AFM (Quesant) oper-
ating in tapping mode in the air at room temperature. Standard 
silicon tips (purchased from Nano and more) with a force con-
stant 40 N/m were used (Todorovic-Markovic et al. 2008).

TEM imaging was performed on a TEM Philips CM200 
operated at 200 kV. Samples were prepared by drop casting 
of nanoribbon dispersion on a carbon-coated copper grid with 
300 meshes.

FTIR measurements were carried out using a Nicolet 380 
FTIR spectrometer (Thermo Electron Corporation). GNR 
dispersion was deposited on a glass substrate and dried in air 
at 150°C. The deposited films were further dried in a vac-
uum furnace at 600°C and 10−5 mbar for 1 h. The deposit was 
scraped from a glass substrate and mixed with KBr powder. 
Rough pellets were formed by pressing.

Raman spectra of GNRs synthesized by γ-rays and depos-
ited on silicon were obtained from a DXR Raman micro-
scope (Thermo Scientific) using a 532 nm excitation line from 
a diode pumped, solid state laser with a constant power of 
3 mW and spot size of 0.7 µm on the sample. The spectral 
resolution was 0.5 cm−1. Ten Raman spectra of each sample 
were recorded at different areas of the sample. The ID/IG ratio 
was determined by integrating the area under the D and G 
bands, respectively (Markovic et al. 2012a,b).

Raman spectra of GNR films synthesized by the unzipping 
of multiwall CNTs were obtained with a Renishaw instrument, 
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model Invia reflex equipped with 532, 633, and 785 nm lasers. 
Synthesized GNRs were sonicated in water for 15 min. Stable 
dispersion (concentration of 1 mg/mL) was used to prepare 
thin films for Raman measurements. As a substrate, we used 
silver deposited on glass substrate (further on as Ag/glass). 
GNR dispersion was drop-casted on Ag/glass substrate and 
then dried at 80°C. These thin films were used for Raman 
measurements. All Raman spectra were recorded at five dif-
ferent locations on each sample and at each spot the recording 
was repeated three times. Raman spectroscopy measurements 
were conducted at room temperature.

22.4 RESULTS AND DISCUSSION

22.4.1 GnrS SyntheSized by γ-rayS

22.4.1.1 Surface Morphology
Graphene dispersion is exposed to different doses of 
γ-irradiation: 25, 50, 100, and 125 kGy. Figure 22.1a 
shows the TEM micrograph of the graphene sheets before 
γ-irradiation. Based on the surface analysis of 200 objects on 

10 AFM images we established that the average height of the 
graphene sheets was 12 nm. In Figure 22.1b, one could clearly 
see a way of dispersed graphene cutting at a dose of 50 kGy. 
From this figure we can conclude that the cutting of graphene 
sheets took place along a particular family of crystallographic 
directions in the basal plane of the graphene sheet. Based on 
our previous investigation it was established that formation 
of GNRs started at a dose of 50 kGy but the average yield 
is much larger at higher doses (Tosic et al. 2012). In Figure 
22.1c, synthesized GNRs at a dose of 100 kGy are presented. 
Statistical analysis of a few AFM images showed that the 
average yield of GNRs was varied depending on the applied 
dose: at a dose of 50 kGy, the average yield was 10%, at a dose 
of 100 kGy it was 25% while at a dose of 125 kGy it was 49%. 
Comparing with other known methods for GNRs synthesis, 
only the unzipping of CNTs method has higher yield than this 
one (Tosic et al. 2013).

Figure 22.2a and b shows the surface morphology of 
obtained GNRs after irradiation at a dose of 125 kGy. Figure 
22.2c presents the HRTEM micrograph of these GNRs. 
Based on the surface analysis of a few AFM images it was 
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FIGURE 22.1 (a) TEM image of graphene sheets before irradiation; (b) AFM image of carved graphene sheets at a dose of 50 kGy; and 
(c) AFM image of GNRs formed at a dose of 100 kGy.
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FIGURE 22.2 (a) Large-scale AFM image of produced GNRs at a dose of 125 kGy; (b) AFM image of typical GNRs; and (c) HRTEM 
micrograph of two GNRs produced by γ-irradiation at a dose of 125 kGy.
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found that the average height of GNRs produced at a dose of 
125 kGy is between 1 and 6 nm while their width is between 
30 and 40 nm. Under AFM, the nanoribbons appeared to be 
very uniform in width, with little edge roughness along their 
lengths (Figure 22.2a). The statistical analysis of a few TEM 
micrographs reveals that produced GNRs are narrower. Their 
average width is between 10 and 20 nm. The width of the two 
GNRs shown in Figure 22.2c is less than 5 nm. From this 
figure one can see that ribbons produced by γ-irradiation of 
graphene have nearly atomically smooth edges. The observed 
difference in GNR width is due to the tip convolution of the 
AFM microscope.

22.4.1.2 Structural Analysis
Structural analysis of produced GNRs was performed by 
FTIR and Raman spectroscopy.

The FTIR spectrum of GNRs is presented in Figure 22.3a. 
The broad band at 3400 cm−1 can be assigned to O─H stretch-
ing vibrations in the water and hydroxyl groups attached to 
the carbon network in GNRs. Also there are two peaks at 
2920 and 2850 cm−1 which represent asymmetric stretch-
ing and symmetric vibrations in the CH2 (methylene groups) 
(Lide 2003).

The C═O stretching vibrations in the carboxyl group are 
also visible around 1690 cm−1. The broad band at 2000 and 
the peak at 882 cm−1 stem from carboxylic groups (─COOH) 
while the peaks at 1600 and 1430 cm−1 could be assigned to 
ionized carboxyl groups. The peaks at 1370 and 1260 cm−1 
stem from hydroxyl groups attached to the aromatic carbon 
backbone. The peak at 1026 cm−1 originates from CH2─OH 
bonds (Lide 2003).

Analysis of the Raman spectra and the resonance condition 
provides precise information on the electronic states, phonon 
energy dispersion, and electron–phonon interaction in sp2 
carbon nanostructures (Ryu et al. 2011). Figure 22.3b shows 
the Raman spectra of dispersed graphene as a function of the 
applied dose. The average Raman spectrum of GNRs depos-
ited on SiO2/Si at a dose of 125 kGy is presented in Figure 
22.3c. The spectrum was normalized to the intensity of the G 

band and has three prominent bands—G at 1577 cm−1 derived 
from the zone center optical E2g phonon in graphene, D at 
1346 cm−1 and D′ at 1620 cm−1 which represent two defect-
induced bands (Malard et  al. 2009). The D band originates 
from structural defects while the appearance of the D′ peak 
could be explained by the following: the double resonance 
process responsible for the D′ band (1620 cm−1) is an intra-
valley process, since it connects two points belonging to the 
same circle around the K point (or Dirac point) (Saito et al. 
2002, 2003). The Raman ID/IG ratio is widely used to evaluate 
the quality of CNTs (Ryu et al. 2011) and graphene materials 
(Malard et al. 2009). The ID/IG ratio of nanoribbons is related 
to the density of defects in the ribbon, as well as the edge 
smoothness and edge structures. The ID/IG ratio was deter-
mined by comparing the areas under the D and G bands. It 
was found that the ID/IG ratio for nanoribbons synthesized at 
125 kGy was 0.3 which is lower than the one for nanoribbons 
synthesized by other methods (Kosynkin et  al. 2009; Jiao 
et al. 2010a,b).

22.4.1.3 Mechanism of GNRs Formation by γ-Rays
Figure 22.4 presents a possible mechanism of nanoribbon 
formation during γ-irradiation. At first, we have to consider 
the processes occurring during γ-radiolysis of cyclopen-
tanone itself. There are a lot of products released during 
γ-irradiation of cyclopentanone: we assumed that the atomic 
hydrogen released during γ-irradiation of cyclopentanone 
has the main role in the tailoring of GNRs (Kosynkin et al. 
2009; Cataldo et al. 2010). The cutting of graphene sheets by 
atomic hydrogen released during γ-radiolysis of CPO could 
involve two steps. Hydrogen reacts with carbon atoms along 
the edge of adsorbed cyclopentanone molecules on the gra-
phene sheet. Carbon removal by hydrogen is more efficient 
along a particular family of crystallographic directions in 
the basal plane that results in the formation of channels and 
ultimately nanoribbons (Dugle and Freeman 1965; Xie et al. 
2010). Carbon atoms at the edges of nanoribbons react with 
hydrogen and oxygen and form methylene, carboxylic, and 
hydroxyl groups.
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22.4.2 GnrS SyntheSized by unzippinG oF mwCntS

22.4.2.1 Surface Morphology
TEM and AFM were used as visualization techniques for 
investigation of the surface morphology of GNRs produced 
by unzipping of MWCNTs. TEM microscopy is the most 
accurate method for investigation if CNTs have been longi-
tudinally opened or if they still have cylindrical structures. 
Figure 22.5a shows a representative TEM micrograph of 
GNRs. It is clear that the opened MWCNTs formed nanorib-
bons which are stacked together. The length of nanoribbons 
was between 1 and 2 µm while the width was about 250 nm. 
GRNs could also be identified using AFM by analyzing 
height profiles: MWCNTs have a peak in their height profile 
while GNRs have a plateau. The other information which 
can be extracted from AFM measurements is the number 
of layers in GNRs. By observing their heights it is possible 
to estimate the number of nanoribbons which are stacked 

together. In Figure 22.5b and c, small- and large-scale AFM 
images of GNRs are presented. In Figure 22.5b, in the upper 
left corner, the height profile of typical GNRs is presented. 
That height profile shows a clear plateau. This is proof that 
MWCNTs have been opened during oxidation. AFM mea-
surements also show that the width of the GNRs is between 
200 and 300 nm. Based on height profile analysis, the aver-
age height of the nanoribbons is around 25 nm. This result 
indicates that synthesized nanoribbons are stacked together 
in the form of multilayers.

22.4.2.2 FTIR Spectroscopy of GNRs
FTIR spectroscopy was used to investigate structural changes 
caused by strong oxidative conditions used for longitudinal 
unzipping of MWCNTs. The FTIR spectrum of GNRs synthe-
sized from MWCNTs is presented in Figure 22.6. At around 
3400 cm−1, wide, a strong band is observed. This band stems 
from O─H stretching vibrations in water molecules. Two 
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FIGURE 22.4 Proposed chemical mechanism of GNR formation during γ-irradiation.
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(upper left corner); and (c) large-scale AFM image of produced GNRs.



370 Graphene Science Handbook

weak bands at 2920 and 2850 cm−1 originate from asymmetric 
stretching and symmetric vibrations in the CH2 groups (Kleut 
et  al. 2012), in the matrix of nanoribbons. The broad band 
at around 1580 cm−1 stems from C─O stretching vibration in 
carboxyl groups. Also, two weak bands at 1691 and 1430 cm−1 
are the result of stretching vibrations in C═O bonds from 
ionized carboxyl functional groups. The peak at 1371 cm−1 
stems from hydroxyl groups attached to the aromatic carbon 
backbone.

FTIR analysis of GNRs showed that during longitudinal 
cutting of MWCNTs, created GNRs have carboxyl functional 
groups in their structure. Bands at 2920 and 2850 cm−1 proved 
that methylene groups were preserved in the matrix of rib-
bons. But also strong bands which stem from vibrations of 
COOH functional groups are the evidence of oxidation, most 
probably at the edges of ribbons, as suggested by Kosynkin 
et al. (2009).

22.4.2.3 Raman Spectroscopy of GNRs
Raman spectroscopy is a very important technique for car-
bon-based material characterization. First, we investigated 
the Raman spectra of pristine MWCNTs. We recorded the 
Raman spectra of MWCNTs at three laser wavelengths: 532, 
633, and 785 nm and these spectra are presented in Figure 
22.7a through c, respectively. By using the same lasers, the 
Raman spectra of the GNRs were recorded (Figure 22.7d 
through f). Considering the high disorder in the structure of 
MWCNTs, the D band has a higher intensity compared to the 
intensity of the G band (Figure 22.7a through c). The same 
results are obtained for GNRs.

We analyzed positions of the D and G bands as well as 
their ratios for pristine MWCNTs and GNRs. The results of 
these measurements are presented in Table 22.3.

As expected, the ratio between the D and G bands was 
significantly increased for GNRs. This is a result of a high 
increase in defect structure. The contribution of edge structure 

is much higher in GNRs compared to the edge contribution in 
the structure of MWCNTs. Therefore, the amount of sp3 C 
atoms is higher in the structure of nanoribbons compared to 
pristine MWCNTs. During unzipping, strong oxidation con-
ditions caused oxidation of CNTs and formation of carbox-
ylic and hydroxyl functional groups, as FTIR spectroscopy 
showed. All of these structural changes contribute to the large 
enhancement of the D-band intensity in the Raman spectra 
of GNRs.

22.4.3  Comparative analySiS oF the Gnr propertieS 
produCed by two diFFerent methodS

GNRs produced by two different methods vary in width, 
length, and height. The comparison of structural and mor-
phological properties of GNRs prepared by two different 
approaches is presented in Table 22.4. Nanoribbons pro-
duced during γ-irradiation are thinner, shorter, and their 
height is less than that of ribbons produced by the unzipping 
of MWCNTs. The number of defects is much smaller on rib-
bons produced by γ-rays (one can observe this through the 
intensity of the D band in the Raman spectra and the ID/IG 
ratio). Nanoribbons produced by γ-irradiation appeared to be 
very uniform in width, with little edge roughness along their 
lengths. Atomic hydrogen released during γ-irradiation of 
cyclopentanone has the main role in the tailoring of GNRs. 
Carbon removal by hydrogen is more efficient along a par-
ticular family of crystallographic directions in the basal 
plane that results in the formation of channels, and ultimately 
nanoribbons. During the unzipping of MWCNTs, the first 
step is manganate ester formation; further oxidation enables 
the formation of the dione. The juxtaposition of the buttress-
ing ketones distorts the β, γ-alkenes, making them more 
prone to the next attack by permanganate. Once an opening 
has been initiated, its further opening is enhanced relative to 
an unopened tube or to an uninitiated site on the same tube. 
Finally, relief of the bond-angle strain when the nanotube 
opens to the graphene ribbon slows further dione formation 
and cutting of nanotubes.

22.5 CONCLUSION

In this chapter, GNRs have been comprehensively intro-
duced from the aspects of synthesis approaches and structural 
properties to present applications. However, the research on 
GNRs is still at an early stage, and most of the references 
concerning GNRs in this chapter have appeared over the last 
few years. The synthesis methods of GNRs with high-quality 
ribbons are still expensive whereas methods with low-cost 
starting materials yield low-quality GNRs. In this chapter, we 
have focused our attention on the bottom-down approach to 
GNR synthesis. Furthermore, a facile way of GNRs synthesis 
through γ-irradiation of dispersed graphene in cyclopenta-
none was described. At the same time, we tried to compare 
the properties of these ribbons to ones produced by the unzip-
ping of MWCNTs. GNRs produced under γ-irradiation are 

90

Tr
an

sm
itt

an
ce

 (a
.u

.)

81

72

1000

C-O
H

CO
O

–

C-H H
O

2000
Wavenumber (cm–1)

3000 4000

FIGURE 22.6 FTIR spectrum of GNRs.



371Graphene Nanoribbons Synthesis by Gamma Irradiation of Graphene

D D
DD

D
G

G

GG

G
53

2 
nm

53
2 

nm
63

3 
nm

63
3 

nm
78

5 
nm

(a
)

(b
)

(c
)

(d
)

(e
)

(f
)

1.
0

0.
8

0.
6

0.
4

0.
2

0.
0 10

00

Raman intensity (a.u.)

12
00

14
00

16
00

18
00

20
00

Ra
m

an
 sh

ift
 (c

m
–1

)

1.
0

0.
8

0.
6

0.
4

0.
2

0.
0 10

00

Raman intensity (a.u.)

12
00

14
00

16
00

18
00

20
00

Ra
m

an
 sh

ift
 (c

m
–1

)

1.
0

0.
8

0.
6

0.
4

0.
2

0.
0 10

00

Raman intensity (a.u.)

12
00

14
00

16
00

18
00

20
00

Ra
m

an
 sh

ift
 (c

m
–1

)

D

G

78
5 

nm

1.
0

0.
8

0.
6

0.
4

0.
2

0.
0 10

00

Raman intensity (a.u.)

12
00

14
00

16
00

18
00

20
00

Ra
m

an
 sh

ift
 (c

m
–1

)

1.
0

0.
8

0.
6

0.
4

0.
2

0.
0 10

00

Raman intensity (a.u.)

12
00

14
00

16
00

18
00

20
00

Ra
m

an
 sh

ift
 (c

m
–1

)

1.
0

0.
8

0.
6

0.
4

0.
2

0.
0 10

00

Raman intensity (a.u.)

12
00

14
00

16
00

18
00

20
00

Ra
m

an
 sh

ift
 (c

m
–1

)

FI
G

U
R

E 
22

.7
 

R
am

an
 s

pe
ct

ra
 o

f 
pr

ec
ur

so
r 

in
 G

N
R

 s
yn

th
es

is
: 

M
W

C
N

Ts
 r

ec
or

de
d 

w
it

h 
53

2 
(a

);
 6

33
 (

b)
 a

nd
 7

85
 n

m
 (

c)
; 

R
am

an
 s

pe
ct

ra
 o

f 
G

N
R

s 
re

co
rd

ed
 w

it
h 

53
2 

nm
 (

d)
; 

63
3 

(e
),

 a
nd

 
78

5 
nm

 (f
) 

la
se

r 
ex

ci
ta

ti
on

 li
ne

s,
 r

es
pe

ct
iv

el
y.



372 Graphene Science Handbook

thinner and shorter than those produced by the unzipping of 
MWCNTs. In this way, γ-irradiation appears to be a promis-
ing candidate for GNR formation.
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23 High-Quality Graphene Sheets 
from Graphene Oxide Hot 
Pressing and Its Applications

Yupeng Zhang, Delong Li, and Chunxu Pan

ABSTRACT

Graphene has been a promising material for wide applica-
tions in areas including electronic devices, energy storage, 
biological materials, and composites, etc. due to its excellent 
properties. However, the prerequisite is to have high-quality 
graphene up to industrial level production, and it is a critical 
challenge to provide large production with high-quality gra-
phene sheets. This chapter introduces a simple and effective 
process for producing large-scale and high-quality graphene 
sheets by hot pressing. The reduced graphene oxide sheets 
obtained from graphene oxide by low temperature thermal 
exfoliation were annealed at 1500°C and 40 MPa uniaxial 
pressures for 5 min in vacuum. No appreciable oxygen content 
was observed from x-ray photoelectron spectroscopy, and no 
D peak was detected in the Raman spectrum. The graphene 
sheets had a much higher electron mobility (1000 cm2/V ⋅ S) 
than other chemically modified graphenes. The applications 
in graphene-based composites, such as photocatalysis, energy 
storage, and composites reinforcement, revealed that the high-
quality graphene exhibited improved properties when com-
pared with regular graphene.

23.1 INTRODUCTION

Since its successful isolation by mechanical exfoliation [1,2], 
graphene has attracted a strong recent interest. It is a prom-
ising material for energy-storage, interfacing with biologi-
cal materials, for electronic and optical devices, and other 
applications [3,4] due to its unique physical, chemical, and 
mechanical properties, which include high values of Young’s 
modulus (~1100 GPa) [5,6], specific surface area (calculated 
value, 2630 m2/g) [7], thermal conductivity (~5000 W/m ⋅ K) 
[8], mobility of charge carriers (exceeding 200,000 cm2/V ⋅ s) 
at room temperature [9], saturation velocity (4.5 × 107 cm/s) 
[10], and critical current densities (~3 × 109 A/cm2) [11]. 
Methods of obtaining C-pure graphene sheets is thus of stra-
tegic interest.

Up to now, a variety of methods exist for synthesizing gra-
phene sheets with either top-down or bottom-up approaches. 
Generally, graphene or chemically modified graphene can be 
made by four different methods, that is, mechanical exfolia-
tion, chemical exfoliation, epitaxial growth on SiC, and chem-
ical vapor deposition on metal surfaces [12–16]. Mechanical 
exfoliation, epitaxial growth on SiC, and chemical vapor 
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deposition yield “C-pure” graphene sheets, which are very 
useful as attractive electronic materials for further micro- 
and nanoelectronics. However, the relatively small yield 
and high costs have limited its development to electrodes of 
lithium ion batteries and supercapacitors, hydrogen storage, 
composites reinforcement, catalysis, and so on. “Chemical 
exfoliation” is employed for “large scale” (gram-scale and 
larger) production of graphene sheets. However, the defects 
and some chemical functional groups, such as hydroxyl 
(C–OH), carboxyl (C=O, O=C–OH), and epoxide group 
(C–O–C), can inevitably be introduced on the graphene 
sheets, which alters their physical and chemical properties. 
It should be noted that so far the reduction of oxygen content 
in reduced graphene oxide (RGO) is still very difficult [17]. 
After thermal or chemical treatment, the C=O and O=C–OH 
can be partially removed or converted to a new chemical spe-
cies (C–OH), whereas the remaining C–OH or C–O–C in 
RGO cannot be easily reduced, leading to degradation of the 
electrical properties of the graphene sheets. Scalable conver-
sion of chemically modified graphenes to C–pure graphene 
sheets still remains a central challenge.

Herein, we report a simple and effective route to convert 
graphene oxide (GO) into graphene sheets using hot pressing. 
The product materials were assessed by scanning electron 
microscopy (SEM), high-resolution transmission electron 
microscopy (HRTEM), Fourier transform infrared spectros-
copy (FT-IR), x-ray photoelectron spectroscopy (XPS), as well 
as Raman spectroscopy. Significantly, no appreciable oxygen 
content was observed from XPS, and in the Raman spectrum, 
no D peak was detected, while the G and 2D peaks charac-
teristic of highly crystalline graphene were readily observed. 
Moreover, the product graphene sheets had much higher elec-
tron mobility (1000 cm2/V ⋅ S) than other chemically modi-
fied graphenes [18–20]. We believe that, highly crystalline 
graphene sheets from hot-pressing treatment will provide an 
opportunity and a possibility to radically overcome the barrier 
for the further application of graphene.

23.2  OVERVIEW OF SYNTHESIS METHODS 
FOR HIGH-QUALITY GRAPHENE

The synthesis of graphene can be split into two different 
types of approach: top-down and bottom-up. Top-down 
approaches involve breaking apart the stacked layers of 
graphite to yield single graphene sheets, whereas bottom-up 
methods involve synthesizing graphene from alternative car-
bon containing sources. Currently, the key challenge in the 
synthesis area is effectively producing graphene sheets with 
low density of defects, high performance, and large scale 
(Table 23.1).

23.2.1 miCromeChaniCal exFoliation

Developed by Geim and Novoselov [12], the exfoliation pro-
cess uses highly oriented pyrolitic graphite (HOPG) as a pre-
cursor. Repeated cleavage by adhesive tape yields mono-, bi-, 
and few-layer graphene sheets. These thin sheets were then 

released in acetone and captured on the surface of a SiO2 
(100–300 nm)/Si wafer, which could be identified by optical 
microscopy due to the contrast difference. To date there is no 
method that can match micromechanical exfoliation for pro-
ducing high-quality graphene sheets. However, the process is 
a time-consuming and labor-intensive one, limited to small-
scale production.

23.2.2 ChemiCal vapor depoSition

The chemical vapor deposition (CVD) method can be used 
for growing large-area uniform polycrystalline graphene 
sheets on a wide range of metals, involving transition met-
als (Fe, Ru, Co, Rh, Ir, Ni, Pd, Pt, Cu, and Au) and a number 
of alloys (Co–Ni, Au–Ni, Ni–Mo, and stainless steel) [14,16]. 
The general steps are: (1) the metal foils are annealed in 
hydrogen and then exposed to a CH4–Ar–H2 environment at 
atmospheric pressure for about 30 min at a temperature about 
of 1000°C and (2) the foils are then cooled at different rates 
between 100°C/s and 0.1°C/s. The thickness of the graphene 
layers depends upon the cooling rate. CVD graphene growth 
can be classified into two categories according to the metal, 

TABLE 23.1
Synthesis Methods for High-Quality Graphene

Synthesis 
Method Grow Condition Characteristic Reference

Micromechanical 
exfoliation

HOPG, repeated 
cleavage by 
adhesive tape

Low controllability; 
low yield; high 
quality

[12]

CVD Catalysts: 25 µm 
Cu, Ni foils, etc; 
high temperature 
(about 1050°C)

Controllable (could 
obtain mono-, bi-, 
and few-layer 
graphene sheets); 
possibility in large 
area; good quality

[14,16]

Epitaxial growth 
on substrate

SiC substrate; high 
vacuum; high 
temperature 
(1250–1450°C)

Possibility in large 
area; low 
productivity and 
high cost; 
inhomogeneous

[13]

Flame Catalysts: 25 µm 
Cu or Ni foils; 
high temperature 
(about 950°C)

Low controllability; 
low cost; good 
quality

[21]

Microwave 
atmospheric 
pressure 
plasmas

Plasma (400–
900 W) carbon 
source: ethanol

Mass production 
and low cost;

low controllability; 
good quality

[22]

Ball milling of 
pristine graphite 
in the presence 
of dry ice

Graphite; ball 
milling; dry ice

Mass production 
and low cost; low 
controllability; 
good quality

[23]

Shear exfoliation 
in liquids

Graphite; NMP; 
high speed 
centrifugation

Mass production 
and low cost; low 
controllability; 
good quality

[24]
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segregation, and surface catalyzed mechanisms. The carbon 
solubility in the metal and grown conditions determines the 
deposition mechanism which ultimately also defines the mor-
phology and thickness of the graphene sheets.

The recent achievements in graphene growth by the CVD 
method have confirmed reproducibility of good quality, few-
layer graphene sheets on an inch scale substrate and success-
ful transfer to other substrates. These developments create 
new pathways for applications of graphene in photovoltaic, 
flexible electronics, transparent electrodes, etc. However, the 
process is expensive owing to large energy consumption and 
because the underlying metal layer has to be removed.

23.2.3 thermal deCompoSition oF SiC

The thermal decomposition of silicon carbide [13] is a tech-
nique that consists of heating SiC in ultrahigh vacuum at tem-
peratures 1250–1450°C for a short time (1–20 min), which 
induce the Si to sublimate from the SiC and leave behind a 
carbon-rich surface. Subsequently, graphene sheet epitaxially 
grow on the surface. Typically, the number of layers is depen-
dent on the decomposition temperature.

This process provides a route to obtain very high-quality 
graphene with crystallites approaching hundreds of microm-
eters in size. However, its disadvantages include the high cost 
of a single crystal of SiC, poor controllability of repeated pro-
duction of large-area graphene sheets, and high temperature 
(above 1000°C).

23.2.4 SyntheSiS From Flame

Flames have emerged as a viable alternative method for the 
synthesis of carbon nanomaterials. Flames can provide a 
carbon-rich chemically reactive environment for generating 
nanostructures during short residence times in a continuous 
single-step process. Various flame configurations, fuel types, 
and catalytic materials have been employed in an attempt to 
achieve controlled growth of carbon nanoparticles, multi-
walled and single-walled carbon nanotubes (CNTs) as well as 
nanofibers and graphene.

Our previous work described a simple process for directly 
synthesizing pure graphene and N-doped graphene from etha-
nol flame and amine + ethanol flame, respectively [21]. This 
method is simple and easily controlled. However, because of 
special preparation conditions in the air, these graphenes have 
more surface defects and chemical functional groups, which 
affect the properties of graphene.

23.2.5 other methodS

In addition to the above methods, some new approaches have 
been developed to synthesize high-quality graphene. For 
example, microwave atmospheric pressure plasmas driven by 
surface waves, ball milling of pristine graphite in the pres-
ence of dry ice, and shear exfoliation in liquids were used to 
synthesize high-quality graphene sheets [22–24].

23.3  PREPARATION OF HIGH-QUALITY 
GRAPHENE SHEETS FROM GRAPHENE 
OXIDE BY HOT PRESSING

23.3.1 experimental

Graphite powder, natural, ~325 mesh, 99.95% was purchased 
from Alfa Aesar. P2O5, K2S2O4, and KMnO4 with analyti-
cal grade and 98% H2SO4, 30% H2O2 aqueous solution were 
purchased from Shanghai Chemical Reagents Company and 
were used directly without further purification.

Graphite oxide was synthesized from natural graphite by a 
modified Hummers method [25]. The product (graphite oxide) 
was then purified by dialysis to completely remove residual 
salts and acids. After ultrasonication for 1 h and drying at 
60°C, the graphite oxide was calcined at 700°C for 2 h under 
argon atmosphere with a heating rate 100°C min−1 [26].

The product graphene was then treated in a Spark Plasma 
Sintering (SPS) system (SPS-3.20MK-II, Sumitomo Heavy 
Industries) under vacuum at 500°C, 1000°C, and 1500°C 
for 5 min with 0, 5, 10, 20, 30, 40 MPa uniaxial pressures, 
respectively. The heating rate was 100°C min−1 and vacuum 
level was less than 30 Pa. A graphite mold was chosen as the 
electrode and heating stage.

The surface morphology of the pristine RGO and the 
hot-pressed graphene sheets were examined by SEM (FEI 
SIRION) operated at 15 kV. Two kinds of the samples were 
sonicated in ethanol for 2 h and the suspensions were dropped 
onto the microgrid for HRTEM observation (JEOL JEM 
2010FEF) at 200 kV. The atomic force microscope (AFM) 
measurements were performed with a nanoscope multimode 
instrument in the air at ambient temperature and pressure. 
Ethanol suspensions of the graphene sheets were spin-coated 
onto a SiO2 (300 nm) substrate, and the solvent was removed 
by annealing under Ar gas at 600°C for 1 h. The IR spec-
trum was measured with a FT-IR spectrometer (Nicolet iS10, 
Thermo) for detecting the surface functional groups on the 
samples.

In order to verify the improvement of quality and struc-
tural integrity in the hot-pressed graphene, chemical compo-
sitions and chemical environment of the carbon atoms were 
measured by using XPS (AXIS-Ultra instrument, Kratos 
Analytical) with monochromatic Al Ka radiation (225 w, 
15 Ma, 15 kV) and low-energy electron flooding for charge 
compensation.

Raman measurement was carried out using Raman spec-
troscopy (HORIBA Jobin Yvon LabRAM HR). The power of 
laser was 15 mW and the laser excitation was 488 nm. Scans 
were taken on an extended range (1000–3000 cm−1) and the 
exposure time was 5 s. Samples were sonicated in ethanol 
and drop-casted onto a SiO2 (300 nm) substrate for optic 
observation.

The electrical transport properties were measured by a 
Lakeshore probe station with a home-built data acquisition 
system in ambient condition at room temperature. Toward the 
electrical characterization, the pristine and hot-pressed gra-
phene sheets were first deposited on a highly doped p-type 
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silicon substrate with a 300 nm thick thermal silicon oxide 
layer and then contacted by e-beam lithography and metal-
lization process to define the external and drain electrodes. 
About 20 different sets of samples were tried to verify the 
reproducibility of the electrical test.

Molecular dynamics simulation was carried out to under-
stand the structural change of RGO treated by hot pressing. A 
0.5 ns step size, constant temperature, and constant uniaxial 
pressures were applied to the molecular dynamics simula-
tion with periodic boundary conditions. The C−C bond was 
treated with the Tersoff potential while the C−O and O−O 
were described by a constructed Morse potential fitted from 
first-principle total energy calculations [27,28].

23.3.2  tranSFormation CharaCterS oF 
Graphene under hot preSSinG

The conversion process consists of four steps is shown in 
Figure 23.1. Our novel contribution is that the RGO sheets 
were then treated by hot pressing at 1500°C and 40 MPa uni-
axial pressures for 5 min in vacuum. The RGO sheets were 
thereby converted from a pile of powder into a compacted 
lamellar material with tight combination. From the charac-
terizations studies (see Figure 23.2), the hot pressing did not 
change the original morphologies of the RGO sheets (such 
as size and number of layers), that is, the RGO sheets did not 
transform into graphite; this high T, moderate pressure treat-
ment resulted in highly crystalline graphene with a gram-
scale output.

We have performed molecular dynamics simulations to 
investigate the structural changes of RGO. Initially, oxygen 

atoms are chemisorbed on the RGO surface and the underly-
ing C−C bond is broken (Figure 23.3). Then, a 0.5 ns step size, 
constant temperature, and constant uniaxial pressures were 
applied to the molecular dynamics simulation with periodic 
boundary conditions. Finally, the simulated structure of RGO 
at a temperature of 1500°C and pressure of 40 MPa (Figure 
23.3) showed that the honeycomb structure of graphene was 
recovered through the formation of C−C and O−O bonds.

SEM images of the product graphene sheets showed well 
exfoliated graphene sheets (Figure 23.4a). TEM imaging 
revealed less wrinkles and folding in product sheets, and the 
dark lines at the edge of the sheets were straightened (Figure 
23.4b). Comparatively, a large number of intrinsic wrinkles 
were formed, due to the existing chemical functional group, 
and the dark lines were curved in RGO sheets (see Figure 
23.5). These changes indicated that the defects and residual 
chemical functional groups in RGO sheets have been com-
pletely removed during the hot-pressing treatment. Further 
electron diffraction and atomic imaging of the product sheets 
by TEM showed the crystalline structure of graphene, which 
also proved the high quality of the treated graphene. An AFM 
image of the product sheets transferred onto a SiO2 (300 nm-
thick thermal oxide) substrate by spin-coating (Figure 23.4c) 
showed a thickness of approximately 0.9 nm, namely, single-
layer graphene (Figure 23.4d).

FTIR and XPS showed a strong reduction in functional 
groups in the product sheets (Figure 23.6) [29–32]. According 
to the XPS survey spectrum, the RGO sheets and the treated 
graphene sheets contained only elements carbon (C) and oxy-
gen (O) with chemical binding energies of C1s (284.7 eV) and 
O1s (532.0 eV). Obviously, the oxygen content in the treated 
graphene sheets was much less than that in the RGO. The C1s 
XPS spectrum revealed that the hydroxyl groups (C–OH) and 
carbonyl groups (C=O) in RGO had vanished, and a sharp 
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FIGURE 23.1 Schematic of experimental process to produce high-quality graphene sheets from graphene oxide.

FIGURE 23.2 SEM characterization of the hot-pressing treated 
graphene sheets. (a) Surface image and (b) cross-sectional image.

1500°C,
40 MPa

FIGURE 23.3 The initial and final structures of RGO treated by 
hot pressing during the molecular dynamics simulations.
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peak at 284.7 eV showed the presence of sp2 hybridized car-
bon atoms. The spectroscopy suggested the total or near total 
removal of O-containing functional groups by the hot-press-
ing step.

Raman spectroscopy is an easy and effective approach to 
evaluate the crystalline quality and the number of stacking 
layers of graphene sheets by monitoring the relative intensity 
of the D peak (defect-related) and the G peak (doubly degen-
erate zone center E2g mode) [33–35]. The G and 2D peaks 
are indicative of graphene or graphitic carbon, while the D 
peak indicates “defects” (functionalized carbon atoms, point 
defects, etc.). The ID/IG ratio has been used as a measure of 
the degree of crystallization or surface defects density of gra-
phene [36].

In order to further understand the important role of tem-
perature and pressure in the process, Raman spectroscopy 

was done on samples treated at different conditions. With 
T fixed at 1500°C, the D peak intensity started to decrease 
with the applied pressure increased and the intensity of the 
2D peak was recovered (Figure 23.7a and b). At 40 MPa, the 
D peak has disappeared, showing that defects and functional 
groups have been removed from the RGO sheets and that the 
sp2 carbon network has been entirely reconstructed. With 
pressure fixed at 40 MPa, the D/G intensity ratio decreased 
as the temperature was increased. At 1500°C, the D peak was 
eliminated (Figure 23.7c). The G/2D intensity ratio and the 
full width half maximum (FWHM) of 2D peak imply that 
the sample consisted of monolayer, bilayer, and few-layer gra-
phene (Figure 23.7d). On the basis of statistical sampling of 
the treated graphene sheets using Raman and AFM, it was 
estimated that 80% of the product (graphene) sheets were less 
than five layers.

We note that at temperatures between 1000°C and 2000°C 
and the indicated pressures, single layer or few-layer graphene 
was obtained. However, when T is raised above 2400°C, the 
original RGO sheets transformed into bulk graphite. With T 
about 1500°C, functional groups on the precursor RGO sheets 
were apparently completely removed. The application of pres-
sure during high T treatment plays a critical role in obtaining 
“high-quality” graphene sheets as a product material.

Based on the molecular dynamics simulation data, XPS 
spectrum results, and the change of vacuum level during hot 
pressing (Figure 23.8), the mechanism of reducing functional 
groups through hot pressing could be thoroughly discussed. 
The above results indicated that the reaction was divided into 
two stages, first stage primarily is the C=O and O=C−OH 
bonds decomposition at 800–1500°C. Subsequently, when the 

(a) (b)

(c) (d)

10 nm

0.2 um

4

3 0.9 nm

H
ei

gh
t (

nm
)

2

1

0
0.0 0.4

Distance (um)
0.8 1.2

FIGURE 23.4 Characterizations of the product graphene sheets treated by hot pressing. (a) SEM image shows an existence of well-exfo-
liated graphene sheets. (b) HRTEM image of the product sheet edge with fast Fourier transform (FFT) and inverse-FEF map insert. (c) and 
(d) AFM image and its height profile showing a flake with a height of 0.9 nm.

(a)
2–3L

5 ~ 6L
4L

1L
2L

10 nm 10 nm

(b)

FIGURE 23.5 HRTEM characterizations of the RGO sheets and 
hot-pressing treated graphene sheets. (a) RGO graphene sheets and 
(b) treated graphene sheets.



380 Graphene Science Handbook

pressure was fixed at 40 MPa, the C−OH and C−O−C bonds 
started to be removed due to the formation of C−C and O−O 
bonds, which resulted in the recovery of the honeycomb struc-
ture of graphene.

Field effect transistors (FETs) from pristine RGO sheets 
and also of the high (T, p) treated RGO sheets were fabricated 

on a 300 nm SiO2/Si substrate [37,38]. The schematic top 
views of an FET composed of RGO or of the product sheet, as 
the channel, with source and drain electrode, and back gate, 
are shown in Figure 23.9a and b, respectively. Figure 23.9c 
and d show the current I as a function of the applied gate volt-
age Vg, where the conduction carrier is hole for a positive Vg. 
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The average mobility was about 1000 cm2/V ⋅ S for the prod-
uct (graphene) sheets (about 8× higher than the RGO precur-
sor sheets, where the RGO sheets show a mobility of about 
130 cm2/V ⋅ S) (Figure 23.9e and f). Moreover, this value 
exceeds most of the RGO prepared by the chemical reduc-
tion method. High reproducibility of the electrical test was 
verified from the columnar distribution map and the Gauss 
distribution curve.

23.4  APPLICATIONS OF THE HIGH-
QUALITY GRAPHENE

It has been well known that the presence of defects, impuri-
ties, grain boundaries, multiple domains, structural disorders, 
and wrinkles in graphene sheets have adverse effects on its 
physical, chemical, and mechanical properties. To explore 
the property improvement in the graphene-based composites, 

in this section, we applied the high-quality graphene into 
composites reinforcement, energy storage, photocatalysis, 
and compared it with the graphene from regular chemical 
exfoliation.

23.4.1 photoCatalySiS

During the past decade, a variety of strategies have been 
employed to combine graphene with semiconductor photo-
catalysts for improving photocatalytic efficiency [39–42]. 
For example, Zhang et al. [41] prepared a chemically bonded 
TiO2–graphene (reduced graphene oxide) nanocomposites 
using hydrothermal reaction. They found that the composites 
exhibited a significant enhancement in reaction rate when 
comparing to the pure TiO2 and TiO2-CNTs with the same 
carbon content during photodegradation of methylene blue 
(MB). Ng et al. [42] demonstrated the great performance of 
the BiVO4–GO composite photocatalyst in the visible light 
range for water splitting.

In general, the effect of graphene on photocatalysis is in 
two aspects. (1) Graphene has a remarkable electrical trans-
port property. In semiconductor–graphene composites, the 
portion of graphene plays a role in conducting electrons and 
improves the separation of the electron–hole pairs and also 
the photocatalytic efficiency. (2) Graphene has great specific 
surface area and strong absorption, which works as a carrier 
material of photocatalysis, and accelerates the photocatalytic 
reaction rate greatly.

Figure 23.10 shows the photocatalytic degradation of 
methylene blue under UV–vis irradiation. Obviously, when 
high-quality graphene was used, the photocatalytic efficiency 
of the graphene/TiO2 composite was greatly enhanced, which 
is two times more than that of the RGO/TiO2 composite. The 
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reason is that high-quality graphene sheets improve the per-
formance of graphene due to the absence of defects and chem-
ical functional groups, and as a result, increase the movement 
of the photogenerated carriers on the 2D plane of graphene. 
Figure 23.11 illustrates the schematic diagrams of the photo-
catalytic mechanisms.

23.4.2 SuperCapaCitorS

Besides variant carbon nanomaterials, graphene has played 
an important role and has been considered as one of the 
most promising electrode materials for supercapacitors. For 
example, Ruoff et al. [43] explored graphene-based superca-
pacitors utilizing chemically modified graphene as electrode 
materials, and large specific capacitance data of 135 and 
99 F/g for aqueous and organic electrolytes were achieved, 
respectively.

Figure 23.12 shows the cyclic voltammetry and the galva-
nostatic charge–discharge curves of RGO and high-quality 
graphene, respectively. The specific capacitance for both sam-
ples are 112 and 179 F/g. Obviously, high-quality graphene is 
ideal electrode material for supercapacitors. This is due to the 
fact that an excellent supercapacitor device requires electrode 

materials to have a high surface area and good electrical con-
ductivity, which can achieve long cycle life and rapid charge–
discharge at high power density.

23.4.3 CompoSiteS reinForCement

At present, carbon-based reinforcement materials are domi-
nated by CNTs. Compared to CNTs, graphene, as well as its 
high aspect ratio and low density, have attracted considerable 
attention because of its unique and outstanding mechanical, 
electrical, and electronic properties [44,45].

Figure 23.13 illustrates the representative stress–strain 
curves of polydimethylsiloxane (PDMS), RGO/PDMS, and 
the high-quality graphene/PDMS composites. Obviously, the 
high-quality graphene/PDMS composite exhibits the highest 
mechanical reinforcement.

For graphene, its mechanical property is closely dependent 
on the integrity of the structure. Lee et al. [6] measured the 
elastic properties and intrinsic breaking strength of mono-
layer graphene (obtained by micromechanical exfoliation) 
by using an atomic force microscope. These experiments 
established graphene as the strongest material ever measured 
(elastic modulus up to 1 TPa). Meanwhile, Pan and Zhang [5] 
determined the elastic modulus of monolayer RGO by using 
an instrumented nanoindenter. The value is 0.89 TPa, which 
is lower than that of high-quality graphene. Therefore, we 
believe that high-quality graphene will have a wide applica-
tion in the reinforcement of composites.

23.5 SUMMARY

Graphene undoubtedly is one of the shining stars in nano-
technology today. Its intriguing combination of spectacular 
properties, as well as a host of potential commercial applica-
tions, has grabbed the widespread interest of scientists and 
engineers. Graphene’s potential applications are vast and ever 
growing. It could be put to use in super light cables (space 
elevators), satellites and aircrafts, smart phones, ultrathin 
flexible displays, transparent touch-screens, the world’s fastest 
transistors, energy storage, and so on. But despite all such tall 
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claims, it has yet to make inroads into real-life applications. In 
order to realize its full potential for practical applications, one 
has to resolve the most challenging problem, which is eco-
nomically viable mass production of high-quality graphene 
via environmentally friendly processes. Fortunately, it is quite 
evident from the foregoing discussions that this situation is 
about to change soon, with new innovative graphene synthesis 
routes appearing on the scene. The present chapter provides a 
general overview of current and emerging approaches to the 
synthesis of large scale and high-quality graphene based on 
the literature. It also outlines possible directions for future 
research and it is hoped that future work along these lines 
will help in addressing these concerns to realize our dream of 
the commercialization of graphene.
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24 Exfoliation of Graphite with Yttrium 
Oxide via Mechanical Alloying and 
Irradiation with Microwaves
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V. Garibay-Febles, R.D. Morales, and Jacobo Martinez-Reyes

ABSTRACT

Carbon is a material that has always accompanied human 
beings. Particularly, graphite, one of its basic forms, is very 
important because it is an anisotropic semimetal that may have 
high thermal and electrical conductivity under certain condi-
tions. In the last few decades, the basal planes from graphite, 
called graphenes, have been studied because of their impor-
tant physical and chemical properties and potential applica-
tions in all scientific areas. In this chapter, a small review of 
graphene production, properties, and possible applications is 

presented, as well as a very simple method to produce gra-
phenes by the use of abrasive oxides and mechanical alloying. 
It was shown that abrasive oxide powders with high hardness 
are a suitable material for exfoliating graphite by mechani-
cal alloying; however, this method is not enough. Mechanical 
alloying must be assisted by thermal or ultrasonic agitation 
in order to separate a considerable amount of graphenes. The 
milled phases obtained by this method were studied by high 
resolution electron microscopy, and it is shown how to iden-
tify graphenes and other graphite planes and phases by the use 
of fast Fourier transform.
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THE HUMBLE COAL

I heard the following legend, which happened in a faraway coun-
try, when the king summoned his wise men and ordered them:

I want to see in my palace all the most amazing  materials 
you can find on this earth!

From faraway lands, his men did bring him many wonder-
ful materials, with multiple colors, all of them beautiful and 
dazzling, shining like stars.

A wise man said:

This is called the Magnetic Stone! It has the power to 
bring courage to the weak-hearted man.

Another one came and interrupted:

This is called Hermit’s Stone, also known as the emer-
ald, it helps to prevent desire of possession of women to 
those who want to avoid it. This material transforms the 
person into a virtuous man, but if used too much, the 
man loses his mind!

A third one showed his discovery:

With the quartz my Lord, you will be loved by every 
woman, but do not mix it with turquoise because you 
could lose your luck in business and you will become a 
poor and miserable man.

The king watched, entranced by each material that the 
wise men of the court had brought, until he noticed a ges-
ture of disapproval from the oldest man. He brought the oldest 
man closer and asked him what he had brought.

With a firm voice the old man said:

Of all, this is the most humble material, but the most 
powerful, it will always accompany the men to the end 
of their days and it will help them to survive and com-
plete their projects, but only if men know how to man-
age its energy.

The old man opened his hand and gave the king coal. The 
king felt insulted; the material was not pretty, it was dark 
and opaque and anyone could possess it. In his rage, the king 
ordered the death sentence for the man, who when arrested 
could only say:

It will take many centuries before men can understand 
the strength and power of the humble coal, but never-
theless they will always be accompanied by this mate-
rial, and some day, men will be able to discover its true 
beauty and understand its power.

This story is based upon information from the following 
books:

• Amoros, José Luis. 1978. The Great Adventure 
of Crystal: Nature and Evolutionary Science of 
Crystals. Spain: Complutense University.

• Bosch, Pedro and Graciela Pacheco. 1995. The 
Carbon: Eastern Tales, 1st edition. México: Fondo 
de Cultura Económica.

24.1 FORMS OF CARBON

Carbon is a very important chemical element. It has an atomic 
number of 6 and its electronic configuration is [He] 2s22p2. 
Carbon occurs in three natural allotropes: amorphous car-
bon, graphite, and diamond. Other allotropic forms have been 
obtained artificially as fullerenes, nanotubes, and graphene 
(Harding et al. 2002).

It is very useful to classify carbon-based solids by their 
hybridization. In this way, one may find three types of hybrid 
orbitals: sp3, sp2, and sp (Tascón 2008).

Depending on the specific hybridization that any member 
of the carbon family has, molecular structures with different 
shapes are formed, which can range from straight-chain mol-
ecules as sp-hybridized carbinoids, to molecules with regular 
polygonal rings containing hexagons such as benzene, anthra-
cene, and ovalene or hexagons and pentagons such as coran-
nulene, the basal planes of graphite, also called graphene, 
fullerene, and nanotubes whose hybridization is sp2, or as dia-
mond crystal structures whose hybridization is sp3. Another 
way to classify the carbon family is considering its dimension-
ality. If one considers spherical molecules with a nanometric 
diameter, this molecule has zero dimensions. When molecular 
structures have a great length and a very small diameter such 
as nanotubes, the material has one dimension and if one is 
studying a planar structure with insignificant thickness like 
graphenes, one must consider a bidimensional structure. If 
the carbon structure is a solid with a considerable volume, we 
have a material with three-dimensional structure (Inagakib 
and Inagaki 2003) which are summarized in Table 24.1.

24.2 GRAPHITE AND GRAPHENES

Graphite has a layered structure in which each layer has a 
regular hexagonal array where carbon atoms are covalently 
bonded. Stacked layers are joined together by weaker van der 
Waals bonds and can slide over each other without difficulty. 
Free electrons can travel easily from one side to the other in 
the surface of one layer, but do not move easily from one layer 
to another. Therefore, graphite is anisotropic and semimetal 
(Ashcroft and Mermin 1976). Graphite possesses a very low 
density of 2.26 g/cm3, its hardness is 1–2 in the Moss scale 
(Klein and Hurlbult 1999), it is a stable and chemically inert 
material at room temperature, and it is odorless, nontoxic, and 
lubricant. Graphite is a good heat and electric conductor in 
its basal planes; however, it lacks conductivity in other planes 
such as in prismatic or pyramidal planes that are in some 
cases perpendicular to the basal plane or have an angle with 
a basal plane; it also has very different shapes and properties 
from those with hexagonal planes (Pierson 1993).
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Various graphite structures have been reported such as the 
hexagonal prism as shown in Figure 24.1a and the rhombohe-
dral structure as shown in Figure 24.1b. Of the two structures, 
the easiest to find naturally is the hexagonal one since this is 
the most thermodynamically stable in a wide range of tem-
peratures and pressures (Kwiecińska and Petersen 2004).

Of particular interest is the study of hexagonal graphite, 
which is the most stable and abundant structure, and is rou-
tinely used in many different applications. Hexagonal graphite 

has the lattice parameters a = 2.46 Å and c = 6.71 Å, angles 
α = β  = 90° and γ = 120°, and the space group is P63/mmc 
[194] (Trucano and Chen 1975).

24.3 GRAPHENES

By separating a single layer of a basal plane from the hex-
agonal structure, a hexagonal mesh of carbon atoms is 
obtained from graphite. This layer is known as graphene (see 

TABLE 24.1
The Carbon Family
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C C C C
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FIGURE 24.1 (a) Graphite in a hexagonal prism structure. Graphite is formed by stacked hexagonal basal planes. In this figure, black thick 
lines structure corresponds to the three coordinate axis reference system. (b) Graphite with rhombohedral shape is shown in figure like a 
polyhedral gray structure.
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Figure 24.2). The distance between the carbon atoms in this 
mesh is 0.142 nm.

Graphene is a bidimensional crystal, consisting of a hexag-
onal arrangement of carbon atoms in a single layer. However, 
in the literature, it is also considered as a crystal, consisting 
of lamellar structures with fewer than 10 layers (Geim and 
Novoselov 2007). This crystal is also known as “pristine.” If 
the material has a larger amount of sheets, it is regarded as a 
graphite crystal.

The diameter of graphene is also important for classifica-
tion. If its width is less than 100 nm, it is known as a graphene 
molecule. If it is greater than 100 nm, then the carbon mesh is 
called a graphene (Boehm et al. 1994).

The separation of graphene from graphite crystals was 
achieved recently by researchers Geim and Novoselov, who 
were awarded the Nobel Prize in Physics in 2010, not only 
because they obtained this valuable material and measured 
some of its properties, but also for their theoretical predictions 
about its properties and potential applications.

All around the world, there are many other researchers 
belonging to various working groups looking for new advances 

in the large-scale production of graphenes and studying their 
properties in theory or in experiments, in order to find their 
real applications for today and for the future.

24.3.1 propertieS and appliCationS

The purpose of this section is to show some of the features and 
applications of graphene research reported in the literature.

The applications of advanced materials developed from 
graphenes depend strongly on their behavior, as discussed 
below.

Some of the most relevant properties established in the 
last 2 years are presented in Tables 24.2 through 24.6. Not 
all existent properties and applications are shown, since every 
day there are new developments and it is very difficult to list 
all properties and applications. If you want to venture into 
this area of science, you can subscribe to any of the websites 
dedicated to the dissemination of information regarding the 
progress in this research area, and to the daily reports of prop-
erties and applications of graphenes. Among all the websites 
that were consulted, the following are suggested:

http://www.graphene-info.com
http://www.graphene-flagship.eu
http://onnes.ph.man.ac.uk/nano/Publications.html# 

Graphene
http://www.graphene.manchester.ac.uk/
http://www.graphene-week.eu
http://www.cerc.utexas.edu/~kparrish/class/Graphene_

Synthesis.pdf

TABLE 24.2
Electrical, Electronic, and Electronic Transport Properties

Properties Characteristics Applications

Electrical, electronic, 
and electronic 
transport properties

The electrical properties of graphene are described by conventional tight-binding model (TBM). Integrated circuits

Bilayer graphene has been shown to have a tunable band gap, and potential for excitonic 
condensation.

Electrochromic devices

Graphene has high mobility and minimum conductivity and this has been proved when an 
anomalous quantum Hall effect (AQHE) in strong magnetic fields has been measured. The Dirac 
cone electronic band structure has been recognized in this material because of AQHE.

Transparent conducting 
electrodes

Solar cells

The electronic properties of graphene crystals depend upon the number of monolayers in a crystal 
and the way they are stacked.

Graphene transistors

Intrinsic graphene is a semimetal or zero-gap semiconductor. Ultracapacitors

Tight-binding calculations show that zigzag orientation is always metallic. TBM calculations show 
that armchair orientation can be semiconducting or metallic dependent on width (chirality).

Graphene optical modulators

In the “armchair” orientation of graphene layers, the edges behave like semiconductors.

The mobility for holes and electrons is nearly independent of temperature between 10 and 100 K. Magnetic tunable graphene 
nanoribbons

The corresponding resistivity calculated for a graphene sheet would be 10−6 Ω ⋅ cm. Reference material for 
characterizing 
electroconductive and 
transparent materials

This is less than the resistivity of silver.

Extremely large, temperature-independent mobilities have been observed in SiC epitaxial 
graphene.

Electrostatic audio speakers

Graphene has a remarkably high electron mobility at room temperature, with reported values in 
excess of 15,000 cm2/V s

Engineered piezoelectricity

FIGURE 24.2 Graphene—a layer of a periodic hexagonal array 
of carbon atoms.
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http://www.sciencedaily.com grapheneenergy.net/
web.mit.edu/newsoffice/2009/graphene-feature-0504.

html
nature.com/natureconferences/graphene/index.html
en.wikipedia.org/wiki/Graphene

In Table 24.2, one may observe the electronic transport 
properties of graphenes, some of them under magnetic fields 
and as a function of their electrical conductivity, band gaps, 
and electron spin behavior. These phenomena are important 
in technological areas such as magnetoelectronics or spin-
tronics, where scientists are looking for materials for more 
efficient signal processing. Table 24.2 references are placed at 
the end of the chapter.

For more details about the properties shown in this table, 
if they were theoretically or experimentally established refer 
to the following authors whose references are listed at the end 
of the chapter: Beneventano et al. (2014), Bolmatov (2011), 
Bolmatov and Mou (2011), Han et al. (2014), Liu et al. (2008), 
Mingo and Broido (2005), Morozov et al. (2008), Neto et al. 
(2009), Sanjuan et al. (2014), Yan et al. (2014), and Yankowitz 
et al. (2014).

Table 24.3 is the extension of Table 24.2 and presents some 
of the quantum behavior that has been predicted for electrons 
in the graphene lattice and its potential application to elec-
tronic circuits. Table 24.3 references are placed at the end of 
the chapter.

For further information about this table, one may refer 
the following authors: Braga et al. (2004), Carlsson (2007), 

Liftshitz (1952), Ohishi et al. (2007), Tombros et al. (2007), 
Yin et al. (2014), Yang et al. (2014), and Yankowitz et al. 
(2014).

Table 24.4 shows the optical properties of graphene, its 
transparency under visible light, and the absorption and opti-
cal birefringence with potential applications in optical fibers, 
photovoltaic devices, and solar cells, among others. Table 
24.4 references are placed at the end of the chapter.

A group of references for this table are Bao et al. (2009), 
Barlas et al. (2010), Kumenko et al. (2008), Kurum et al. 
(2011), Sadeghi et al. (2013), Sreekanth et al. (2012), Yamada 
et al. (2013), Yin et al. (2014), and Zheng et al. (2012).

Regarding the chemical and thermal properties of gra-
phenes, one can say that these are a function of the chemi-
cal modifications that could be made in the monolayer (see 
Table 24.5). These alterations of the material open endless 
possibilities for new applications, such as the creation of new 
composite materials and filtration membranes and also new 
kinds of sensors of various substances. Table 24.5 references 
are placed at the end of the chapter.

For more details about the properties shown in this table: 
Balandin et al. (2008), Chen et al. (2012), Charries et al. 
(2002), Delhaes (2001), Denis and Iribarne (2013), Eftekhari 
and Jafarkhani (2013); Fasolino et al. (2007), Gabrielsen 
(2013), Lanphere et al. (2014), Li et al. (2014), Liang et al. 
(2011), Jagannadham (2011), Mounet and Marzari (2005), and 
Saito et al. (2007).

Table 24.6 shows the amazing mechanical properties of 
graphene, as well as the strength between graphene bilayers in 

TABLE 24.3
Properties and Applications in Spintronics

Properties Characteristics Applications

Spin transport The E–k relation for graphite layers is linear, leading to zero effective mass for electrons and holes.
At low energies, electrons and holes nearly behave like relativistic particles with 1/2 spin.
Electrons and holes in graphenes are called Dirac fermions or graphinos.
Electrical spin–current injection and detection in graphene was demonstrated up to room temperature.
Nanostrips of graphene (in the “zigzag” orientation), at low temperatures, show spin-polarized metallic 
edge currents.

Graphene has a small spin–orbit interaction and near absence of nuclear magnetic moments in carbon.

Graphene quantum 
devices

Graphene quantum 
dots in anionic 
circuits

TABLE 24.4
Optical Properties of Graphenes

Properties Characteristics Applications

Optical 
properties

Graphene absorbs 2.3% of white light, a high opacity for a monolayer.
Both stacking order in bilayer graphenes and orientation greatly influence the optical and 
electronic properties of this material.

Transparent materials
Fiber-optic devices
Transparent conducting electrodes 
for photovoltaic devices

Graphene-based solar cells
Electrochromic devices
Reference material for 
characterizing electroconductive 
and transparent materials

Nonlinear 
Kerr effect

Graphene possesses a giant nonlinear Kerr coefficient, almost nine orders of magnitude larger 
than that of bulk dielectrics.

Graphene is a nonlinear Kerr medium, suitable for photonics such as soliton transport media.

Saturable 
absorption

Graphene can be readily saturated under strong excitation over the visible to near-infrared 
region, due to the optical absorption and zero band gap. This is important because fullband 
mode locking of fiber lasers has been achieved by a graphene-based saturable absorber.
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vacuum systems known as the Casimir effect. These  properties 
are expected to impact on the creation of  composite materials 
more resistant to stress and compaction efforts, among other 
applications. For more on the applications of graphene, see 
the references listed at the end of the chapter.

Recommended references for this table: Bordag et al. 
(2009), Fialkovsky et al. (2011), Frank et al. (2007), Lee et 
al. (2008), Liu et al. (2014), Reina et al. (2009), Woods et al. 
(2014), Xu et al. (2014), and Zhang et al. (2014).

24.4 SYNTHESIS OF GRAPHENES

In order to obtain monolayers of graphite and particularly 
the basal planes of the hexagonal structure, one must take 
into account considerations such as the fact that the binding 
energy between layers is about 2 eV/nm2, and also that to 
achieve the rupture of this link requires a force of 300 nN/
µm2 (Zhang et al. 2005). This energy per square micrometer 
represents a limit to the carbon film area, and particularly 
to graphenes, in theory. However, owing to the self-healing 
property of graphenes, this limitation is exceeded in some 
techniques.

Table 24.7 shows some production methods of graphenes. 
Bottom-up methods are those where physical processes are 
involved in sample preparation and top-down methods cor-
respond to chemical processes.

Each one of the methods has variants and these can be 
studied in the extensive literature on the subject. Many inno-
vations appear daily in these methods with even better results 

TABLE 24.6
Mechanical Properties and Casimir Force

Properties Characteristics Applications

Mechanical 
properties

Graphene has a breaking strength over 100 times greater than a hypothetical steel film of 
the same thickness. It has a tensile modulus (stiffness) of 1 TPa (150,000,000 psi).

Graphene is very light, weighing only about 0.77 mg per square meter. Its spring constant 
was estimated in the range of 1–5 N/m and its Young’s modulus was around 0.5 TPa.

Graphene oxide paper has a measured tensile modulus of 32 GPa.

Graphene will be used in advanced 
composite materials to produce lighter 
and stronger materials for cars, planes, 
and aerospace devices that will save fuel, 
and will be ecologically sustainable.

Casimir 
effect and 
dispersion

Since the interaction of graphene with an electromagnetic field is surprisingly strong for a 
one-atom-thick material, the Casimir effect in graphene systems is of growing research 
interest. Some studies suggest that the strong field interaction is due to boundary effect.

TABLE 24.7
Graphene Production Methods

Bottom Up Top Down

Mechanical exfoliation and friction Chemical vapor deposition

Arc discharge Wet chemistry or Fisher–Tropsch 
synthesis

Ion sputtering Ion implantation

Pulsed laser deposition and laser 
solution photolysis

Pyrolysis solvothermal

Ball milling

Catalytic unzipping of nanotubes under 
microwave irradiation

TABLE 24.5
Chemical and Thermal Properties

Properties Characteristics Applications

Chemical Graphene can self-repair holes in graphene sheets, when exposed to hydrocarbon 
molecules.

It is possible to modify graphene and graphene oxide paper with several chemical 
reactions in order to produce different kinds of composites.

Full hydrogenation from both sides of graphene sheet results in graphane, but 
partial hydrogenation leads to hydrogenated graphene.

Functionalization of graphene.
Integration of graphene layers as nanoelectrodes into a nanopore-based 
single-molecule DNA sequencing.

Graphene oxide membranes are permeable to 
water vapor but impermeable to all other 
liquids and gases including helium.

Graphene oxide membranes for distillation of 
vodka to higher-alcohol-concentration liquids, 
in a room-temperature laboratory, without the 
application of heat or vacuum.

Graphene filters could be used for desalination.
Graphene biodevices.

Thermal The near-room temperature thermal conductivity of graphene was measured to be 
between 4.84 × 103 and 5.30 × 103 W/m K. The thermal conduction of graphene 
is phonon-dominated. Graphene has three acoustic phonon modes.

The ballistic thermal conductance of graphene is isotropic.
Graphene-based membranes are impermeable to all gases and liquids.
At low temperature, thermal expansion coefficient of graphenes is negative. 
At low temperature, graphene will present Lifshitz’s membrane effect.

The graphene–metal composite could be 
utilized in thermal interface materials for 
thermal management applications.

Use of graphene for pressure and temperature 
sensors and resonators.
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achieved by the combination of methods. It is difficult, for 
this reason, to cover all the methods. However, the methods 
generally of greater interest are listed in Table 24.8 and others 
are described below according to their simplicity of process.

The following text describes some methods considered the 
most important to date in the production of graphenes.

24.4.1 meChaniCal exFoliation

It is a very simple but effective method to obtain graphite 
layers, developed by the scientists Novoselov and Geim. It 
consists of the use of a common adhesive tape to glue and 
peel off a graphite surface, at least a dozen times, in order to 
statistically produce a 1-µm-thick flake of graphite in a thin 
monolayer sample.

After verifying with an optical microscope that the fine 
fragments have a smooth surface on the tape, the pieces of 
graphene and graphite are then transferred to a clean substrate 
by applying gentle pressure on the tape. The crucial aspect of 
the experiment is the choice of substrate. The apparent con-
trast of the monolayer of graphene on the Si/SiO2 substrate 
is maximized approximately 12% at a light wavelength of 
550 nm, where the sensitivity of the human eye is optimal 
(Geim and Novoselov 2007).

Additionally, in practice, thicker graphite flakes deposited 
on a substrate of SiO2 observed with a light of 300 nm will 
appear yellow or blue in color, as the thickness decreases, but 
to reach sub-10-nm thickness, a dark purplish tone indicates 
graphene and eventually a single monolayer. A drawback of 
this technique is that the tape can leave adhesive residue on 
the sample, which limits carrier mobility. We require a post-
deposition heat treatment in a reducing atmosphere to remove 
the residue (Soldano et al. 2010).

24.4.2 epitaxial Growth on metal

Two different mechanisms may be employed for this purpose: 
thermal decomposition of carbides or epitaxial growth of 

graphite sheets on substrates of pure metals or metal carbides 
by chemical vapor deposition (CVD) from hydrocarbons. The 
formation through the mechanism of vapor condensation usu-
ally starts with the formation of small islands and eventually, 
the formation of large structures known as terraces formed 
by superimposed carbon sheets. One can change the growing 
conditions to obtain larger thin films, but their morphology 
does not always correspond to graphene (Soldano et al. 2010).

In this method, various types of substrates have been used, 
such as transition metals with known catalytic activity such 
as platinum, nickel, ruthenium, iridium, and cobalt. Carbon 
gases such as methane, benzene, acetylene, ethylene, and car-
bon monoxide among others at temperatures between 400°C 
and 1100°C were deposited on substrates in order to form an 
ultrathin carbon film on the support (Terrones et al. 2010).

Other materials are used as supports include transition 
metal carbides such as silicon, titanium, and thallium, and 
they were sublimated at high temperatures (1200–1800°C) in 
the presence of carbonic gases. In this way, it is possible to 
decompose carbides to form graphene films.

The decomposition of silicon carbide heat treated at near 
1300°C gives particularly good results. This is considered 
the most suitable method for large-area graphenes on carbide 
wafers. The careful production of graphene by this method 
promises great achievements at industrial-scale production of 
this material.

24.4.3 Graphene oxide

The chemical conversion of graphite oxide (GO) to graphene 
oxide is another way to obtain sheets of graphite. GO was 
synthesized through the oxidation of graphite using oxidants 
such as sulfuric acid, nitric acid, and the potassium perman-
ganate-based Hummers method. GO is strongly hydrophilic 
and highly oxygenated. It can be easily exfoliated in water 
to obtain a stable dispersion consisting mainly of individual 
sheets of graphene oxide layers when the as-obtained suspen-
sion is processed by centrifugation or ultrasonically treated.

Chemical reduction of a graphene oxide sheet occurs when 
this oxide is suspended in reducing agents such as hydrazine. 
During the process, the brown dispersion of graphene oxide 
changes to black (Singh et al. 2011).

24.4.4 pyrolySiS oF Sodium ethoxide

A 2009 publication describes a process for producing gram 
quantities of graphene through the reduction of ethanol by 
sodium metal, followed by pyrolysis of the ethoxide product, 
and washing away the remaining sodium salts with water 
(Choucair et al. 2009).

24.4.5 From nanotubeS

It is possible to obtain graphenes by “cutting” nanotubes. In 
one of these methods, multiwall nanotubes were chemically 
treated in a solution of potassium permanganate and sulfuric 
acid in order to open them in the solution.

TABLE 24.8
Some Methods for the Production of Graphite Sheets

Method Precursor
Produced 
Graphene

Number of 
Layers/Diameter

Mechanical 
exfoliation

Graphite Pristine Single or multiple 
layers/10 µm

Liquid suspension 
of graphene oxide 
followed by 
chemical reduction

Graphite oxide Chemically 
modified

Single or multiple 
layers/100 nm

Epitaxial growth by 
surface of SiC

Silicon carbide 
(SiC)

Pristine Single or multiple 
layers/50 µm

Epitaxial growth by 
chemical vapor 
deposition on 
transition metals

Hydrocarbons Pristine Single or multiple 
layers/100 µm
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In another method, graphene nanoribbons are produced by 
plasma etching of nanotubes partly embedded in a polymer 
film (Campos et al. 2009).

24.4.6 From Graphite by SoniCation

Dispersion of graphite in ionic liquids and sonication allows 
the obtaining of graphene and graphite layers. Nonexfoliated 
graphite is eventually separated from graphene by centrifuga-
tion (Green and Hearsam 2009).

24.4.7 Carbon dioxide reduCtion method

A novel process for scalable production of a single to few layers 
of graphene consists of the use of an exothermic combustion 
reaction of some Group I and II metals, including magnesium, 
and carbon-bearing gases, including carbon dioxide. By this 
method, graphene was formed in few-layer nanosheets about 
10 atoms thick (Chakrabarti et al. 2011).

24.4.8 meChaniCal alloyinG

Mechanical alloying or mechanosynthesis is a powder met-
allurgy process in which the mixed powders, either neat or 
  prealloyed elements are subject to a grinding process (in mills 
specially designed for this purpose).

During milling, the material or materials suffer deforma-
tion, fracturing, compacting, and soldering in a continuously 
alternating process until they finally achieve at the atomic 
level a chemical combination that results in a new advanced 
material with new properties.

Mechanical milling has many advantages. It is a low-cost 
technique, it allows obtaining a large amount of material, and 
it does not involve the use of high temperatures. It is a process 
that requires very simple equipment: a mill device, containers 
and ball mill, controlled atmosphere, and control agent for the 
lubrication of milling.

In the case of graphenes, it is possible to obtain these carbon 
sheets, by grinding graphite with an abrasive material that sep-
arates graphite layers by friction. In Figure 24.3, a micrograph 
of a graphite metal milling experiment is shown, and one may 
clearly see how the metal rises to the graphite sheets and sub-
sequently the metal intercalates carbon (Suryanarayana 2004).

The following is an investigation conducted to obtain 
graphenes by mechanical alloying, using yttrium oxide as 
an abrasive material of graphite. The microstructural char-
acterization of the as-obtained material has been made by 
techniques such as x-ray diffraction microscopy and high-
resolution transmission electron microscopy (HRTEM).

24.5  GRAPHENE PRODUCTION BY 
MECHANICAL ALLOYING OF YTTRIUM 
OXIDE AND GRAPHITE ASSISTED 
BY MICROWAVE RADIATION

As discussed above, it is possible to separate the graphite 
layers during the mechanical milling process if one uses, in 

addition to the graphite, a grinding abrasive material. In the 
particular case of this experiment, it was decided to use an 
abrasive oxide such as yttrium oxide, because of its high hard-
ness and a low solubility with graphite.

Yttrium oxide or yttria has the following properties: a 
high melting point of 2415°C, density of 5030 kg/m3, ther-
mal conductivity of 08.12 W/m K at 20°C, Knoop microhard-
ness of 700 kg/mm2 at 100g and 298 K, and Mohs hardness 
of 5.5, and its crystal structure is body-centered cubic (BCC) 
(Cardarelli 2008; Mills et al. 2011).

Graphite has a melting point of 3550°C, its density range 
is between 2.09 to 2.23 g/cm3, its thermal conductivity is 
85–350 W/m K, its Knoop microhardness is 15–40 kg/mm2 at 
100g and 298 K, and its Mohs hardness is 1–2. Finally, its crystal 
structure is hexagonal.

As can be observed, the differences between both materials 
may explain their mutual low solubility. Particularly, the differ-
ence in hardness can be exploited for the production of graphenes.

For the present work, the weight ratio between graphite 
and yttria was selected to be 10:1. It was also decided that the 
milling time must be short enough to avoid the solubility of 
the components due to continuous mechanical stress, but long 
enough to separate the graphite layers with the oxide abrasive.

24.5.1 experimental

The starting materials were graphite with a spectroscopic 
purity level (99.99%) from Union Carbide Co., Ltd. and 
yttria (Y2O3) with a purity of 99.99% from Sigma-Aldrich 
Co., Ltd. Mechanical milling was carried out in a vibratory 
mill (TI-100 Heiko) with a speed vibration of 1250 rpm. The 
elementary powder samples were placed in low-carbon steel 
containers, without a control atmosphere with steel balls of 
1/4 inch diameter. The ball-to-powder ratio was 10:1. In order 
to achieve a greater dispersion of graphite layers, after the 
milling, it was decided to carry out a heat treatment inside 
a microwave oven (NE-1258R: Panasonic™) at a power of 
1200 W for 2 min.

Characterization of powders was carried out by x-ray dif-
fraction (XRD) in a diffractometer D8 FOCUS: Bruker™ 

Graphite
Bismuth

3 μm

FIGURE 24.3 Graphite exfoliation during milling process.
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with Cu Kα lamp λ = 1.54 Å to identify the crystalline struc-
tures of phases before and after the experiment. Subsequently, 
in order to explore the changes in the morphology of mate-
rials, all the samples were analyzed by scanning electron 
microscopy (SEM) using a JSM 6701F SEM/JEOL™. In this 
microscope, a qualitative analysis of chemical composition 
by energy-dispersive spectroscopy (EDS) using an INCA 
X-ACT™ Oxford detector was also performed.

In order to observe in detail the crystal structure and the 
phase changes in the powders, a study of the sample atomic 
array using an HRTEM FEI™ Tecnai F30 at 300 kV, point-
to-point resolution of 0.20 nm was also necessary.

In order to establish the phases and structures of all the 
sample powders, two software programs were used: the crys-
tallographic database PCPDFWIN JCPDS-ICDD PDF-2 
Release 2003 and the software DIGITAL MICROGRAPH™ 
3.7.0 from GATAN Company. This software allows perform-
ing the analysis of HRTEM bright field micrographs. This 
software also allows the simulation of the electron diffrac-
tion patterns from the brightfield micrograph obtained in the 
microscope, using the fast Fourier transform (FFT) of the 
selected image for this subject. When diffraction patterns 

are obtained, this program also allows us to obtain the infor-
mation of selected crystallographic planes and enables us to 
visualize such planes from the inverse fast Fourier transform 
(IFFT) (Williams and Carter 2009).

Characterization of graphite, graphene, and yttria nanopar-
ticles obtained for the experiment was performed by means of 
imaging with FFT.

24.6  MICROSTRUCTURAL CHARACTERIZATION 
OF ELEMENTARY POWDER AND MILLED 
AND MICROWAVE-TREATED SAMPLES

24.6.1 x-ray diFFraCtion oF StartinG materialS

In Figure 24.4, an XRD pattern of graphite is observed. The 
characteristic peaks in patterns correspond to the 2H hexago-
nal structure. The peaks were indexed using the database card 
PCPDFWIN-2003 comparing with ICCD PDF 65-6212. In 
Figure 24.4, one may observe that the material is a high-purity 
graphite. Lattice parameters of hexagonal 2H graphite are 
a = 2.462 Å and c = 6.711 Å. The space group is P63/mmc (194).

Figure 24.5 shows the x-ray diffraction pattern of yttria 
Y2O3 before the milling. As in the case of many oxides, in 
this figure, one may note that the material has a large amount 
of diffraction peaks. Comparing it with database card PDF 
43-1036 one could verify that the crystal structure of this 
oxide is BCC, its lattice parameter is a = 10.60 Å, and its 
space group is Ia3 (206) (Grier et al. 1991).

24.6.2  x-ray diFFraCtion patternS oF milled 
and thermally heat treated powderS

Graphite and yttria were mixed and milled for 20 h. The as-
obtained sample was analyzed by XRD. Figure 24.6 shows 
the result of the as-milled sample, after exploring diffraction 
peaks; it was observed that hexagonal graphite is preserved 
while we are able to observe two phases of yttria. The first one, 
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the oxide phase, is the original phase and the other is a mono-
clinic phase, formed by the strain suffered by the yttria dur-
ing the milling process. The lattice parameters for the yttria 
monoclinic phase are a = 13.74 Å, b = 3.46 Å, and c = 8.286 Å 
with an angle β = 95.40. The database card used in this analy-
sis was PDF 39-1064. No space group is assigned in the card.

After milling, the powders were irradiated using a conven-
tional microwave oven. When the powders were analyzed by 

XRD, no changes in phases were found, as compared to those 
of milled powders.

24.6.3  SCanninG eleCtron miCroSCope 
For elemental powder

Graphite powders are shown in Figure 24.7a. Stacked graph-
ite flakes with several sizes are observed in Figure 24.7a. 
Each flake is formed of packed lamellar structures. The aver-
age flake diameter observed for the powder is 107.943 µm. In 
order to observe the sample in the microscope, a copper tape 
was used to attach the powders to the sample holder. This pro-
cess avoids problems with the media holder during  chemical 
analysis. In Figure 24.7b, the qualitative chemical analysis of 
a graphite sample is shown. According to the graph, one may 
note that the sample is 100% carbon in weight.

Yttria powders are shown in Figure 24.8a. In this image, 
one can note that the elemental yttria powder has very differ-
ent sizes; in some cases, little blocks of 30 µm of length and 
also irregular particles of 10 µm are observed. The average 
size of the powder was 8.6 µm. In Figure 24.8b, the qualita-
tive chemical analysis of yttria obtained by EDS is presented. 
Thus, through the graph, it is possible to verify that the yttrium 
represents about 85.46% wt. and the oxygen 14.57% wt.
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FIGURE 24.7 Micrograph of (a) graphite and (b) corresponding EDS chemical analysis.
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FIGURE 24.8 (a) Starting yttrium oxide powders. (b) Yttrium oxide chemical analysis by EDS.
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24.6.4  SCanninG eleCtron miCroSCopy 
For milled powder

After-milling sample powders are shown in Figure 24.9. In 
both images, it is easy to observe the graphite flakes and 
yttria nanoparticles. No solubility was observed, and each 
one of the phases is separated. No intercalation of powders 
was observed. In both figures, the graphite sheets are less 
compacted than the starting graphite sample. Graphite flakes 
formed after milling have irregular edges in comparison with 
initial powders. On the other hand, yttria powders are pulver-
ized and their average particle size is nanometric. It is easy 
to identify both phases when one considers the conductivity 
of both materials: graphite is a good electric conductor and is 
gray in micrographs while yttria does not conduct electricity 
and their particles shine in both images. A slight separation of 
layers is observed.

The average size of graphite after milling is 1.29 µm, while 
yttria nanoparticles have an average diameter of 211 nm.

Figure 24.10 shows the 20-h milled powder after being 
irradiated in the microwave oven. If one compares Figure 24.9 
with Figure 24.10, it is possible to see the changes after irra-
diation. The first change (Figure 24.10a) is a higher separation 
of some lamellar structures, and the second is the formation 
of voids and a spiral deposition of graphite layers (see Figure 
24.10b).

An elemental punctual chemical analysis (EDS) is pre-
sented in Figure 24.11. In the small area of Figure 24.11a, this 

analysis indicates a large proportion of carbon, and a lower 
presence of yttrium and oxygen (Figure 24.11b).

24.6.5  tranSmiSSion eleCtron miCroSCopy 
For elemental material

The goal of HRTEM characterization is to study the atomic 
structure of the samples in more detail, particularly to observe 
the crystalline arrangement of atoms. In some images, it is 
possible to observe this arrangement directly; in other cases, 
this is not possible and it is necessary to use an electron dif-
fraction pattern in order to establish the structure.

Figure 24.12a shows a brightfield image of graphite, before 
milling. In this micrograph, it is possible to observe the 
atomic array of carbon atoms. According to this image, one 
may observe the hexagonal atomic array corresponding to the 
basal planes of graphite.

In order to observe the simulated electron diffraction, an 
FFT of the image (Figure 24.12a) was performed. Figure 
24.12b shows the FFT pattern of graphite, with stacking basal 
planes giving rise to a triple hexagonal pattern of bright dots. 
The distance between the bright points of the hexagonal fig-
ure in the center of the image was 0.406 Å−1, and its inverse 
corresponds to the lattice parameter a = 2.462 Å. The dis-
tance between the most distant hexagons is 0.149 Å−1 and its 
inverse value corresponds to the lattice parameter c = 6.711 Å. 
These results are in good agreement with the XRD data and 
the information of the ICCD PDF 65-6212 card.

FIGURE 24.9 (a) Yttrium oxide and graphite milled layers micrograph. (b) Yttrium oxide nanoparticles have no solubilization with 
graphite.

FIGURE 24.10 (a) 20-h milled simple electron micrograph. (b) Details of (a).
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Owing to yttria particle size and thickness, it is not pos-
sible to analyze starting powders by this technique.

24.6.6  CharaCterization by hiGh-reSolution 
tranSmiSSion eleCtron miCroSCopy oF SampleS

Figure 24.13 shows an HRTEM micrograph from the sample 
after its milling and heat treatment. It is easy to observe a 
transparent graphite flake, with a diameter size of about 2 µm, 
and yttria nanoparticles dispersed on the layers.

An important fact to note in this figure is the transparency 
of the foil, as we shall see. If we use conventional micros-
copy and with the magnification we used on the sample, we 
will see a superimposed image of the polymer material used 
as support in the grid through the carbon layer, so it will be 
necessary to use electron diffraction that will be carried out 
through its FFT simulation as explained above.

Figure 24.14a shows the magnified image of the trans-
parent flake observed before. Apparently, the sample in this 
image does not have any periodicity, but if we remember 
its transparency and analyze its FFT (Figure 24.14b), it is 

FIGURE 24.12 (a) Brightfield image of a graphite crystal. (b) Corresponding FFT.

FIGURE 24.13 Brightfield image of graphite transparent layer and 
yttrium oxide nanoparticles.
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FIGURE 24.11 (a) A small area of the milled and irradiated sample is chemically analyzed. (b) Corresponding EDS chemical analysis of 
the area indicated.
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possible to observe the hexagonal diffraction pattern corre-
sponding to one basal plane of graphite. To examine a sim-
ulated brightfield image of this plane, an IFFT was applied 
to Figure 24.14b, thus obtaining the image observed in 
Figure 24.14c. In this image, the hexagonal atomic array of 
graphene is observed. By measuring interplanar distances in 
several directions it is possible to calculate the zone axis of 
planes observed in micrographs. In Figure 24.14d it was found 
that the zone axis of observed plane is B = [002]. With the 
above data, it was possible to calculate the lattice parameter, 
resulting in the value of a = 2.462 Å ± 1.62%.

Several regions in the sample were explored, in order to 
find more graphenes. Figure 24.15a shows the image in the 
bright field of another graphene.

Figure 24.15a shows the brightfield image of a graphene. 
A confirmation that we are observing a graphene is the dif-
fraction pattern observed in Figure 24.15b where the FFT 
image of (a) is observed. The FFT image was processed to 
select some points in Figure 24.15c. In this figure, one may 
clearly observe the superposition of two hexagons with a 
slight rotation relative to each other. This kind of electron 
diffraction pattern indicates the texture of spiral deposi-
tion. As discussed in the SEM section, a spiral distribution 

of graphite flakes is observed after treatment with micro-
waves, which explains the diffraction pattern. In this case, 
we observe how two graphenes are stacked coherently but a 
monolayer is rotated by a small angle to the other. Analyzing 
the indexed diffraction pattern of Figure 24.14d, one may 
note that both layers do not change their [110] and [110] 
directions while the remaining points have a slight displace-
ment or lag. This indicates the superposition of two single 
crystals at an angle relative to one another, that is, two gra-
phenes. A more detailed explanation is found in the book by 
Vainshtein (1994).

Figure 24.15c shows the IFFT image of the two super-
posed graphenes. In this image, one can verify the existence 
of Moiré patterns caused by the relative rotation between the 
two hexagonal layers.

In order to verify that we are observing graphenes, the 
interatomic distance between any two atoms was measured in 
Figure 24.16, yielding the hexagonal graphene lattice param-
eter a = 2.462 Å with a 2% error (Figure 24.16e).

Figure 24.17a shows a brightfield image of the cross sec-
tion of a graphite crystal, which contains 32 layers. Figure 
24.17b shows the area of the previous image amplified, where 
the layers were counted and interplanar distance measured 

5 nm
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FIGURE 24.14 (a) Graphene brightfield image. (b) FFT electron diffraction pattern. (c) IFFT image of graphene, hexagonal B(002) plane 
is observed. (d) Graphene diffraction pattern indexation.

FIGURE 24.15 (a) Zone of two graphene layers. (b) Corresponding diffraction pattern. (c) FFT of the selected zone on (a). (d) IFFT of the 
zone where two graphenes with atomic resolution twin themselves and present Moiré fringes.
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(Figure 24.17c) corresponding to 3.57 Å, one half of the lat-
tice parameter c = 6.711 Å of hexagonal graphite.

Figure 24.18a shows a very thin carbon film. However, we 
are not observing a graphene. According to the FFT diffrac-
tion pattern of the sample in Figure 24.18c, the pyramidal 
plane B = [221] of graphite is observed. The atomic array is 
not hexagonal as shown on the IFFT image (Figure 24.18b). 
The indexed FFT diffraction pattern is shown in Figure 
24.18d.

Figure 24.19a shows yttria nanoparticles in bright field. 
Agglomerations were formed after 20 h of milling and 2 min 
microwave irradiation. From this micrograph, it is possible to 
observe that the oxide particle size decreased after grinding. 
Initially, Y2O3 powders have a particle size of about 9 µm. In 
the figure, it can be seen that after milling, the oxide particles 
have sizes less than or equal to 50 nm.

Figure 24.19b shows both yttria nanoparticles with aver-
age sizes of 20 nm and particles with low symmetry. The 
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diffraction pattern could not be obtained. However, one may 
suspect that the monoclinic phase is observed. Additionally, 
some oxide nanoparticles were selected from Figure 24.19c, 
and the magnification of a selected particle allows the measure-
ment of an interplanar distance d = 0.473 nm (Figure 24.19d). 
This value corresponds to the distance [211] of BCC yttria in 
the card 43-1036.

In Figure 24.19e, the dispersion of yttria particles on graph-
ite is observed. A large amount of oxide nanoparticles seem to 
be located at the edges of graphite sheets. The contrast in the 
image is explained as follows: the graphite is transparent to 
the electron beam while the yttria of higher molecular weight 
is not.

In Figure 24.20a, a section of yttria is observed in bright 
field. In order to analyze the structure, a diffraction pattern 

was obtained from a small area marked with a square as 
seen in Figure 24.20b. Then, to study the plane in Figure 
24.20b in detail, an inverse transform IFFT was obtained 
in Figure  24.20c. After this process, lattice spacing were 
measured in two different directions of the plane and the 
zone axis was calculated as B = [132]. This analysis was 
performed using the crystallographic card ICDD PDF43-
1036. The indexed pattern is shown in Figure 24.20d. It 
was verified that yttria has a BCC structure and its lattice 
parameter is a = 10.60 Å, confirming the results observed 
by XRD.

In addition to the earlier phases found above, in Figure 
24.21a, an amorphous carbon phase was observed in bright 
field. This phase was verified by its diffraction pattern 
(Figure 24.21b).

FIGURE 24.19 (a) and (b) Yttrium oxide nanoparticles. (c) Brightfield image of some Y2O3 nanoparticles. (d) Magnification of a region in 
an oxide nanoparticle. It is possible to see the crystal lattice. (e) Y2O3 nanoparticles in graphite.
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FIGURE 24.20 (a) Yttrium oxide brightfield image. (b) Simulated electron diffraction pattern. (c) IFFT image of B(132) plane. 
(d) Indexation of plane.
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24.7  ANALYSIS AND DISCUSSION OF 
EXFOLIATION OF GRAPHITE WITH 
YTTRIUM OXIDE VIA MECHANICAL 
ALLOYING AND IRRADIATION 
WITH MICROWAVES

This chapter demonstrates that it is possible to obtain gra-
phenes using a mechanosynthesis method, where graphite is 
milled with an abrasive agent. The use of yttria in this work 
effectively achieved the separation of the graphite layers after 
milling but this was not enough. A heat treatment by micro-
wave optimized this process because this type of radiation 
allows rapid heating and cooling of organic materials, and 
this thermal and electric agitation promotes the separation of 
graphite layers. During irradiation, the graphite laminar struc-
ture can expand and contract and is separated in the process.

By XRD, it was observed that after the milling of the 
elemental material, no solubility between yttrium and graph-
ite exits. Graphite preserves its crystalline structure but the 
yttria partially present a deformation after 20 h of milling, 
so a large fraction of oxide powders has a cubic structure and 
a small amount of oxide changes its structure to monoclinic. 
It is also evident in XRD patterns that microwave irradiation 
seems not to affect the phases. However, microwave radia-
tions affect graphite stacked layers and separate them. A rota-
tion in spiral shape was also observed in the layers present 
under irradiation.

It was observed by the SEM technique that mechanical 
alloying also changes the particle size of elemental powders. 
Initially, the powders had larger average sizes: for graphite 
107.943 µm and yttria 8.6 µm. After milling, the hexagonal 

graphite particles have an average diameter of 200 nm and the 
cubic yttria an average diameter of 187.85 nm.

By HRTEM, exfoliation of graphite was observed in detail; 
in this technique, the transparency of lamellar structures of 
carbon to the electron beam was observed. One can also note 
that yttria nanoparticles tend to be placed at the edges of the 
graphite layers. Similarly, no solubility between graphite and 
yttria was observed.

The separation of graphene layers was verified by HRTEM 
using FFT. This technique was used because it is very difficult 
to observe graphene atomic array directly in bright field due 
to its transparency to the electron beam. So, with the purpose 
of observing graphene atomic array in this work, a simulated 
diffraction technique was employed.

It was observed that atomic array is easily obtained from 
micrograph by FFT and one may study a simulation of the 
structure in a simulated brightfield image by IFFT.

Through this process, the display of graphene hexagonal 
array was simple. We also apply the same procedure to cubic 
yttria images.

Graphenes with one and two layers, some even with 10 lay-
ers, were observed, although one must note that not all the layers 
observed were graphenes. In this research, graphite prismatic 
planes were found along with an amorphous carbon phase. The 
presence of prismatic planes occurs because the material exfolia-
tion during milling is a random process; exfoliation is performed 
in any direction. In the case of amorphous carbon, this phase 
may appear during microwave radiation; possibly a very small 
fraction of graphite suffers an atomic agitation, which results in 
a temperature gradient that changes the material structure.

Another type of lamellar structure observed was graphite 
crystals with 32 layers. Thus, not all exfoliated graphites are 
graphenes. Table 24.9 summarizes the results of this work.

24.8 CONCLUSIONS

In this chapter, it was shown that abrasive oxide powders with 
high hardness are a suitable material for exfoliating graphite 
by mechanical alloying; however, this method is not enough. 
Mechanical alloying must be assisted by another technique 
where thermal or ultrasonic agitation allows the separation of 
a large amount of graphenes.

In the mechanical milling process, it was observed that the 
abrasive material should possess low or zero solubility in car-
bon besides its hardness.

TABLE 24.9
Phases Obtained after Milling for 20 h

Method Phase Lattice Parameters Morphology
Average Particle 
Size (HRTEM)

Milling 
Time

Mechanical 
alloying and 
microwave 
irradiation

Hexagonal graphite a = 2.462 Å c = 6.711 Å 2–10 graphene layers and 
graphite crystals with 30 layers

200 nm 20 h

Yttrium oxide cubic (BCC) a = 10.60 Å Nanoparticles with plane faces 187.85 nm

Monoclinic yttrium oxide a = 13.74 Å b = 3.46 Å 
c = 8.286 Å β = 95.40

Nanoparticles with irregular 
shapes

FIGURE 24.21 (a) Brightfield image of amorphous carbon. (b) 
Simulated electron diffraction pattern by FFT.
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Mechanical grinding is a process that deforms the material 
so that the abrasive oxide may undergo phase changes.

In addition to the graphene sheet, it can be found by this 
process that there are layered structures such as graphene 
monolayers, graphene bilayers, and nine-layered graphene. It 
was also possible to observe carbon layers corresponding not 
to graphenes but to pyramidal planes of graphite. The exis-
tence of those phases is a problem because one must devise a 
separation process. Graphite crystals and amorphous graphite 
were also observed. This last stage is considered the product 
of the temperature gradient in the material generated by the 
microwaves. Finally, FFT and IFFT help to simulate the dif-
fraction signal of graphene and graphite planes.
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25 Graphene-Based Field Emission Devices

Matthew T. Cole and William I. Milne

ABSTRACT

Carbon is an extremely promising material for cold cathode 
electron emission. The various carbon allotropes, in par-
ticular the graphic sp3 derivatives; the fullerenes and carbon 
nanotubes (CNTs), have been some of the most widely stud-
ied materials in the arena of field emission. Their low sput-
ter coefficients, rapid temporal responses, low surface defect 
densities, high stability, and largely hysteresis-free emission 
profiles which require little conditioning, make them excel-
lent candidate materials, whilst their negative variation in 
resistance with temperature intrinsically ballasts their emis-
sion during operation preventing avalanche run-away and 
consequent emitter burn-out. Nanocarbons support current 
densities three orders of magnitude greater than copper and 
their high resistance to electromigration offer thermodynami-
cally stable nanoscopic morphologies, which in the case of 
graphene and CNTs endows them with exceptionally high 
aspect ratios which enhance their electron emission perfor-
mance greatly. In this chapter, we will summarize the recent 
influx of research on graphene-based field emission electron 
sources. Despite a number of impressive recent advances in 
fabrication it is nevertheless clear that it remains a challenge 
to fabricate en masse large-area vertically aligned graphene 
emitters with high uniformity and emission reproducibility. 
We proceed by considering commercially viable and scal-
able routes of exploiting the extremely high in-plane field 
enhancement of graphene via the development of an in-plane 
edge emitter geometry which decouples the electric field of 
the horizontal graphene from the proximal bulk substrate on 
which the graphene lies. We conclude by presenting recent 
work emphasizing the alternative uses of graphene in electron 
emission devices; namely as an electron transparent gate in 
vacuum microelectronic triodes.

25.1 INTRODUCTION

Vacuum electronics, though established as a promising tech-
nological field over seven decades ago, are incumbent in many 
socially and commercially critical applications. From travel-
ing wave tubes and microwave amplifiers for communica-
tions, electron guns for metrology and flat-panel displays, and 
x-ray sources for food security and border control, the tech-
nology is still widely employed. Though there have indeed 
been a number of advances in emitter design, most emission 
sources employed to date are still based on chemically etched 
metallic tips, facetted LAB6 or Shottky emitters, and the field 
has yet to fully embrace emerging nano materials.

Electrons can be liberated from a solid by thermionic emis-
sion, photoemission, and field emission. Field emission is 
strictly defined as the emission of electrons from a condensed 
phase, electron-rich surface into a separate electron deficient 
phase, usually vacuum, under the influence of a large electric 
field [1]. Electrons at the Fermi level quantum mechanically 
tunnel through the deformed barrier resulting in an exponen-
tial-type relationship in the emission current with bias voltage. 
Thermionic emitters, on the other hand, are most commonly 
found in cathode ray tubes in the display industry and their 
operating temperature defines the emission current [1]. To 
stimulate appreciable emission currents the emitters must be 
heated to more than 1500°C making their power consumption 
particularly high. Such high operational temperatures induce 
severe morphological instabilities in the refractory metal emit-
ters and their slow switching times, typically around a few 
seconds, further limits their usefulness. Photoemission on 
the other hand occurs when electrons are excited into higher 
energy states by incident radiation of an appropriate fre-
quency [1], which for most metallic surfaces is typically in the 
ultraviolet to blue optical window, though recently work on 
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plasmonically enhanced Ag and Au emitters is emerging with 
emitters that operate in the red to near infrared using pulse 
sub-picosecond excitation. Nevertheless, it is practically rather 
difficult to stimulate significant emission currents by photo-
emission and though it does afford extremely high bandwidths 
the liberated electrons only come from the emitter’s immediate 
surface and subsurface as the energy of the excited electrons 
is readily redistributed within the bulk due to interactions with 
the conduction electrons. Moreover, the emission efficiency is 
compromised as much of the incident irradiation is reflected.

Field emission sources emit at room temperature—mak-
ing polymer substrates accessible—and they respond almost 
instantaneously to field variations. They have a high band-
width (which is typically driver electronics limited) and large 
tolerance to temperature fluctuations and incident radiation. 
Their extremely large on/off ratios (of up to 109) present highly 
nonlinear emission characteristics and as such are capable of 
providing exceptionally high emission current densities of up 
to 1 mA/cm2 [2]. The atomic thickness of graphene, and its 
consequently high aspect ratio, coupled with its excellent elec-
trical conductivity make it an ideal candidate for field emis-
sion applications. As depicted in Figure 25.1, for almost all 
standardized metrics; low energy spread, high lifetime, low 
emitter work function, high optical brightness, low operating 
temperature, low turn-on electric field, high current density, 
and low virtual source size—field emission electron sources 
based on CNTs and graphene outperform the current ubiqui-
ties in electron emission, and though temporal stabilities are 
still at a present low, this is improving rapidly.

25.1.1 Field emiSSion

Field emission is a wholly quantum mechanical phenom-
enon that was first examined in detail in 1928 by Fowler 

and Nordheim (FN), then at Cambridge University. After a 
number of intriguing earlier experiments—principally led 
by Oppeneheimer, Lauritsen, Millikan, Gossling, Schottky, 
and Lilienfel—using a free-electron model [3]. FN proposed 
the most commonly adopted model to date to rationalize the 
observed electron emission.

Under high vacuum conditions an intense potential dif-
ference is applied across an electron-dense surface and a 
counter electrode, typically a scintillator formed from a glass 
substrate coated with a transparent conductive oxide and cast 
with a light emitting phosphor. The interelectrode vacuum is 
<108 mbar to ensure stable emission by avoiding tip damage 
by gas ionization and subsequent ion bombardment. At the 
turn of the twentieth century it was observed that when an 
electric field of the order of 10 V/µm was applied in such a 
setup electrons were emitted across the vacuum cavity. The 
effect was intriguing though can be understood, as eluci-
dated by FN, if we consider an idealized triangular poten-
tial profile at the emitter–vacuum interface, as illustrated in 
Figure 25.2. For simplicity and clarity the image potential, 
Schottky rounding, surface contamination, and other noni-
deal effects have been neglected. This does not compromise 
the core concepts to be conveyed. Electrons tunnel through 
the electrostatically narrowed barrier with an increasing 
transmission probability as the bias is incremented. Electron 
emission begins when the barrier is a few nanometers across 
and the narrower the barrier the larger the emission current. 
The emitter work function largely dominates the magnitude 
of the transmission probability. Surface contaminants and 
specifically engineered coatings, such as low work function 
materials (like Cs (ϕ = 1.9 eV), Ba (2.3 eV), or ZrO (2.3 eV)) 
are possible routes to reducing the necessary drive voltages, 
however, vacuum desorption and temporal instabilities in 
such materials limited the applicability of such approaches. In 
Figure 25.2, N(E) denotes the variation in the electron density 
in the emitter with the bulk emission occurring within a few 
meV of the Fermi Level. Note also, that strictly speaking, the 
Richardson’s composite work function cannot be integrated 
in the present model to account for surface functionalization.

The electric field-dependent emitted current density, J(E), 
is given by Equation 25.1.
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Here, ϕ is the work function of the emitter, and A and B are 
constants given by (e3/8πh) = 1.54 × 106 A eV/V2, and (8π/3eh)
(2m)1/2 = 6.83 × 109 (eV)−3/2 V/m, respectively. s denotes the slope 
correction factor and t(s) and v(s) the dimensionless Nordheim 
elliptical functions [4,5], which are often approximated by
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In practice s → 0 and as such, v(s) is most often set to unity 
with minimal loss in accuracy. By substituting the current 
density and emission area with the measured current (I) and 

Jc (A/cm2)
ds (nm)

Stability (%)

Thermionic-w
Thermionic-LAB6Schottky-W/ZrO
Cold cathode
CNT/graphene

ΔE (eV)

ϕ (eV)
τ (yr)

E (V/μm) η (A/cm2srV)

Vacuum
(mbar)
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FIGURE 25.1 Figure of merit polar plot for the various ubiquitous 
electron emitters. CNT and graphene-based field emitters are seen to 
outperform all the state-of-the-art electron sources across most met-
rics, where ds is the virtual source size, ΔE is the energy spread of the 
emitted electronics, η is the electron-optical brightness, stability is the 
temporal stability, τ is the lifetime, Φ is the emitter work function, T 
is the typical operating temperature, Vacuum denotes the operating 
vacuum, E is the turn-on electric field, and Jc is the current density.
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the local electric field with the product of the applied bias (V) 
and a geometry-dependent field factor, Brodie et al. [6] deter-
mined that
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where A* is the effective emission area, δ is the constant 
electrode separation and β, the field enhancement factor, is 
proportional to the aspect ratio of the emitting surface and is 
given by the ratio of the locally enhanced electric field (Elocal) 
to the global applied electric field. In general terms, the higher 
the aspect ratio of the emitter, the greater Elocal and the steeper 
the potential profile. β is a standard performance metric that 
is empirically determined by measuring the voltage depen-
dence of the emission current and fitting the data to the linear 
so-called FN curve according to Equation 25.4:
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β values for emitting cathodes typically range from a few 
hundred to 104, which for spatially isolated individual emit-
ters is proportional to the aspect ratio of the emitter, a trend 
which Rohrbach et al. [7,8] theoretically rationalized. From 
Equation 25.4 the ordinate-intercept gives either the emitter 
work function or the effective emission area. Various correc-
tions to this initial theory have appeared in the literature over 
time, for example, the image charge correction by Murphy 
and Good [5], as well as other similar formalisms [4], though 
all convey the same underlying phenomena.

Though the FN theory is perhaps the most widely used 
model to explain field emission it is predicated on the 
assumptions that the emitting surface is planar and metal-
lic. Moreover, that the process obeys the free-electron model 
with Fermi–Dirac statistics is implicit, and that the potential 

in the emitter is constant such that the states are unaffected 
by applied fields. Finally, the FN model was formulated for 
emission at 0 K with all the electrons below Fermi level. 
In practice, and in particular for graphene, many of these 
assumptions are evidently invalid. The cathode is not strictly 
planar and has local perturbations with radius of curvatures 
comparable to the barrier width. This enhances the emission 
as the local electric field is inversely proportional to radius of 
curvature. The emitter is at a finite temperature and, perhaps 
most critically, the cathode is not conventionally metallic. 
Emission from semiconductors, quasimetals, and materials 
with  nontraditional band structures is much more compli-
cated. Indeed, the linear band structure of graphene results 
in distinct deviations from this traditional model. Xiao et al. 
[9] showed that exfoliated monolayer graphene exhibits an 
upbending from conventional FN emission, revealing that 
the emission efficiency, rather surprisingly, increases with 
increasing electric field, in contrast to the emission profiles of 
CNTs and nanowires, for example, which show a downbend 
and eventual saturation with increasing electric field. The 
upbending suggests a more general emission relation of the 
form ln(1/Eγ) ∝ I/Eθ, where γ = 2 and θ = 1 for traditional FN 
emission and γ = 3/2 and θ = 1 for graphene. It is still unclear 
whether this upbending is beneficial. Traditional FN emission 
has proven general applicability for electron emission from 
CNTs and here the saturation of the emission current benefi-
cially ballasts the emission. This manifests as an equivalent 
series resistance which prevents, in part, premature emitter 
burn-out, which typically occurs when individual emitters 
pass critical currents in excess of 20 µA. In case of graphene, 
this critical current will certainly be less and the observed 
upbending in the emission profile may very well encourage 
avalanche breakdown and consequent sublimation, though 
detailed studies on this have yet to be presented.

Linear dispersion, high crystallinity, high spatial densities 
of trap states, and relativistic transport coupled with hot carrier 
injection, interesting momentum filtering properties, a narrow 
and field controllable band gap, and large numbers of edges 

Clean barrier

Barrier

Metal

Schottky rounding

Po
te

nt
ia

l e
ne

rg
y, 

V(
Z)

Vacuum

Vacuum level

N(E) Surface
contaminant

V(z) =  –eFlocalz-(e2/16πε0z) J(E)

Position, Z

E

Tunneling
electrons

Contaminated barrier

Electric field potential

Image potential (= e2/16πε0z)
E

EF

(= eFlocalz)

c



μ

FIGURE 25.2 Field emission. A large potential difference is applied between an emitter and a counter electrode which liberates elec-
trons from the emitter. Idealized potential energy profile at the metal–vacuum interface during the application of an external electric field. 
Nonidealities are depicted in light gray. N(E) and J(E) are the electron density and the emitted current density as a function of energy, 
respectively.



408 Graphene Science Handbook

all render graphene a superior electron emitter and open up 
a number of interesting applications for graphene-based field 
emission devices in the near future, such as monochromatic 
electron beams for table-top, sub-picosecond coherent x-ray 
generators, and next-generation aggressively miniaturized 
linear electron sources for ultrahigh resolution electron beam 
lithography systems, microwave amplifiers, and flat panel dis-
plays. Indeed, the various emerging nanotechnologies; with 
the carbon-platforms leading in particular, offer a myriad of 
ways to fabricate hitherto unmanufacturable devices en masse 
allowing commercially viable routes to realize device geome-
tries that significantly enhance the native emission properties 
of the nascent materials.

25.1.2 hiStory oF Carbon-baSed Field emiSSion

Table 25.1 summarizes the various seminal field emission 
studies for the various carbon allotropes undertaken to date. 
Soon after Bakers seminal work on the synthesis of chemical 
vapor deposited (CVD) filamentous graphite [10], it was shown 
that the widely adopted metallic emitters of the time had com-
paratively inferior emission profiles compared to the emerg-
ing carbon allotropes [11]. It was  demonstrated in 1991 that 
electron emission from structured diamond cathodes could be 

stimulated at threshold fields <3 V/µm [12–14], much lower 
than those of the prevailing Mo and Hf tips. It was believed 
that the structured graphites emit as a result of field enhance-
ment, whilst diamonds emit due to band bending attributed 
to the low, and even negative, electron affinities [15–19]. 
However, it was unclear as to which effect was dominant. 
It was revealed, for CVD diamond, that electrons were emitted 
5–6 eV below the vacuum level [20], but their emission was 
experimentally observed at unexpectedly low-fields—a direct 
result of the electric field enhancement associated with the 
grain boundaries [21]. Indeed, tetrahedral amorphous carbon, 
a DLC derivative, only ever emitted after mechanical or elec-
trostatic discharge activation (typically for fields >80–180 V/
µm). As such, intentionally defective carbon films were widely 
investigated as spatially resolved emission experiments soon 
evidenced that vacuum arcs or tapping form sharp surface per-
turbations at the emitter surface that dramatically enhance the 
emission current and dramatically reduce the required driver 
voltages [22,23]. Therefore, the dominance of surface science 
in the arena of field emission was clearly demonstrated.

A wide range of carbon-based electron emitting thin films 
has been considered to date. For reasons alluded to previ-
ously, modern carbon emitters typically employ films rich in 
a wide assortment of carbonaceous nanostructures, including 

TABLE 25.1
Carbon-Mediated Electric Field Electron Emission

Year Emitter Fabrication eth (V/µm) β
imax (µA)/Jmax 

(μA/cm2) Reference

ca. 1915 Graphite Natural 40 1 −/1012 [66,67]

1972 Filamentous graphite CVD 1–40 >10 −/1012 [11]

1979 Diamond-like carbon CVD 5–40 1 −/104 [13,17,21,27]

1995 MWCNTs/SWCNTs/CNFs CVD, PE-CVD, etc. 1–5 >103 −/102–106 [29,68,69]

1997 t-a:C CVD 3–20 1 −/102 [25]

1998 Polymers Various 0.2 1–5 −/1 [28,70,71]

/ Graphene

2007  Vertically orientated FLG nanosheets Microwave PE-CVD 3.6 >103 −/103 [55–57]

2008  Vertically aligned FLG Microwave PE-CVD 0.2–3 >103 −/103 [30]

2008  Polymer embedded graphitic nanosheets Modified Hummers 4 103 −/103 [31]

2009  Single-layer pristine graphene flakes Exfoliated 12–600 / 1/− [42,43]

2009  Mg2+-treated disorder ink Dielectrophoresis 2.3 >103 −/104 [46]

2009  Screen-printed disordered perturbed film Screen printed 1.5 103 −/103 [47]

2010  Single-layer graphene flake Mechanical exfoliation >150 / 10−6/− [9]

2010  Ar plasma-treated FLG PE-CVD 2.2–3.9 / −/103 [50]

2011  N-doped highly defective perturbed film Microplasma CVD 1–2 / −/102 [48]

2011  Flex ible polymer supported MWCNT/FLG 
composite

Laminated 2 >104 −/60 [51]

2012  A tungsten tip supported disorder graphene flake Quenched HOPG 0.3 / −/6 [44]

2013  Vertically orientated bilayer fins Transferred CVD 1.6 102 −/60 [58]

2013  Planar elevated graphene edge emitter Screen printed 5 / 103/− [62]

Note: Eth denotes the threshold electric field, β is the field enhancement factor, Imax/Jmax is the maximum emission current/current density, MWCNT is multi-
walled carbon nanotube, SWCNT is single-walled carbon nanotube, CNF is carbon nanofiber, FLG is few-layer graphene, and PE-CVD is plasma-
enhanced chemical vapor deposition. Note that maximum current and maximum current density have both been given due to reporting inconsistencies 
in the literature.
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but certainly not limited to carbon particles, onions, clusters, 
fullerenes, nanotubes, and nanofibres. DLC [24–26], CVD 
graphite [27], and various polymers [28] have all been con-
sidered as viable electron sources, however, it was frequently 
found that the emitting surfaces with particularly perturbed 
topographies gave the lowest turn-on electric field and highest 
field enhancement factors. Indeed, these carbon films perform 
significantly better than Spindt emitters with turn-on fields as 
low as 1–5 V/µm. As such, carbon nanotubes, and composite 
films based thereon, have been the emitter of choice since the 
late 1990s. The first electron emission from multiwalled car-
bon nanotubes (MWCNTs) was demonstrated by de Heer et 
al. [29] in the mid-1990s, whilst more recently many research 
groups have focused on the use of graphene as a field emitting 
material, with the first true field emission studies based on 
graphene and graphene derivatives emerging only in 2008 by 
Eda et al. [30,31].

25.1.3 Graphene-baSed Field emitterS

Theoretical physicists continue to predict an ever increas-
ing variety of unusual optoelectronic properties of graphene, 
principally attributed to its novel band structure and its avail-
able edge states, both of which augment its electron tunnel-
ing probability. Graphenes’ truly one-dimensional edges 
are atomically thick and have exceptionally high aspect 
ratios, potentially even higher than those of CNTs, making 
it extremely interesting for field emission applications. These 
high aspect graphitic protrusions afford high-radius of curva-
ture folds that increase the attainable field enhancement factor 
allowing the extraction of electrons at lower threshold electric 
fields compared to pervading electron emitting materials such 
as refractory metal Spindt emitters [32] and wide band-gap 
semiconductors such as nanostructured diamond films, ZnO 
nanowires, AlN, and LiF [33–36]. However, internal strain 
perturbs the sp2 molecular orbitals which augment the local 
electronic character. The benefits of artificially synthesized 
high aspect ratio folder graphene emitters are modestly off-
set by an increase in work function, and consequent reduc-
tion in emission current, due to extreme bond deformation. 
Nevertheless, the molecular dynamics simulations of Guo et 
al. [37] showed that the electric field dependency of the work 
function of wrinkled graphene decreases at a greater rate than 
of planar graphene. For conservative aspect ratios of 1.6 the 
work function decays at a rate of 0.86 eV (V/nm)−1, some 23% 
more rapidly than for planar graphene, suggesting that though 
folding increases the local work function this increased work 
function reduces more rapidly under the influence of the local 
electric field. Wrinkle mediated charge accumulation was 
also noted at the fold tips further enhancing the emission 
performance.

25.1.3.1 Fundamental Studies
To date, field emission from graphene, and its various deriva-
tives, has been experimentally investigated by many groups, as 
summarized in Table 25.1. To date the most common approach 
to isolating individual monolayer graphene flakes is chemical 

or mechanical exfoliation from natural highly ordered pyro-
lytic graphite as large quantities of flakes in aqueous solu-
tion can be deposited over large areas by Langmuir Blodgett, 
screen printing, ink jet deposition, dip pen nanolithography, 
Meyer bar, and other established techniques. Chemical reduc-
tion of graphene oxide has also been demonstrated [31,38–41].

Using a scanning electron microscope equipped with 
nanoprobes, Santandrea et al. [42] measured the field emis-
sion current from mechanically exfoliated individual single- 
and few-layer graphene flakes laid flat on thermally oxidized 
SiO2/Si substrates (Figure 25.3a). Here, they reported emis-
sion currents up to 1 µA with emission profiles that were 
well described by conventional FN theory. Xiao et  al. [9] 
reported a similar approach to measure the intrinsic field 
emission properties from highly graphitic flakes, as shown 
in Figure  25.3b. Lee et  al. [43] employed HOPG exfoliated 
monolayer graphene flakes to fabricate planar triodes which 
showed a maximum emitted current from the graphene layers 
was 170 nA and the turn-on voltage of 12.1 V for an arbitrary 
gap of <1 µm reporting β = 3500.

Though these planar techniques using mechanically 
cleaved graphene flakes have indeed accelerated the funda-
mental understanding of electron emission from graphene, 
such approaches are of little use in practical devices due to 
the challenges involved in scaling their manufacture. The 
techniques reported are irreproducible, not-scalable, and are 
fundamentally limited by substrate space-charge effects. Tsai 
et al. [44] used an alternative approach to measure the elec-
tron emission properties of graphene flakes. Using single gra-
phene flakes from heated highly ordered pyrolytic graphite 
quenched in ammonium bicarbonate, they attached an indi-
vidual graphene flake to a micromaneuvered wet-etched tung-
sten tip. The electron emission was hysteretic and noisy, most 
likely due to the dominance of the edge states and the abun-
dance of chemisorbed species on the small graphene crystal. 
Nonetheless, they successfully integrated such a tip into a 
scanning tunneling microscope and produced extremely high 
resolution images of surface facets at the nanometer scale, 
thereby expertly demonstrating the potential of graphene-
based electron emission applications. Nevertheless, the use 
of individual graphene flakes extracted from natural sources 
is costly, requires highly trained individuals, and cannot be 
easily scaled to meet industry requirements. CVD graphene, 
though still in its infancy, has already demonstrated materi-
als of nearly equal graphitic quality to exfoliated materials, 
is perhaps the only viable solution to develop practical and 
en masse manufacturable large-area graphene-based electron 
sources.

25.1.3.2 Practical Devices
Practical electron emitters are most often based on ran-
domly orientated, disordered ensembles of graphene flakes 
fabricated through wet chemistry techniques [45,46]. Qian 
et al. [47] screen-printed graphene inks synthesized using a 
modified Hummers method followed by a hydrazine hydrate 
reduction. They showed a low Eon of 1.5 V/µm and a higher 
performance compared to graphite cathodes. Eda et al. [31] 
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reported a similar approach using chemically reduced GO 
functionalized by phenyl isocyanate and dissolved in dimeth-
ylformamide. Their inks, which were ultrasonicated to form 
suspensions of submicron sized flakes, were subsequently 
chemically reduced and dispersed in a polystyrene binder. 
They argued that their β values, which were of the order of 
1000, where principally attributable to the vertically aligned 
flakes. They further found that the presence of polystyrene 
was necessary to achieve large field enhancement suggesting 
adjustment of the band structure was perhaps the dominant 
factor for the enhanced emission rather than some uncon-
trollable morphological feature of the film. Indeed, doping 
is a common challenge faced by almost all such techniques. 
Using electrophoretic deposition, Wu et al. [46] obtained per-
turbed Mg2+ absorbed graphene thin films formed from flakes 
approximately 2 µm in diameter (Figure 25.3e). This facile 
technique, though permitting large-area deposition, resulted 
in significant Mg2+ doping of the graphene making a detailed 
understanding of the underlying emission somewhat challeng-
ing. Nevertheless, they showed Eon = 2.3 V/µm with β = 3700.

Other large-area dry-deposition techniques have also been 
investigated. Using micro plasma-enhanced chemical vapor 
deposition (PE-CVD), Soin et al. [48], deposited highly defec-
tive pristine and N-doped graphene-like folds. Here, they 
related the enhanced emission to the chemical and defect-den-
sity. They suggested that heteroatom integration of nitrogen, 
an electron donor, reduced the turn-on field and significantly 
increased the electron emission current. Elsewhere, it has 
been shown that the incorporation of nitrogen into graphite 
nanocarbons introduces pentagonal defects in hexagonal gra-
phene lattice [49]. These pentagons distort the lattice, with 
a consequent adjustment of the local work function, due to 
high curvature morphologies [49]. Nevertheless, Soin et al. 
[48] showed that the Eon was 1.9 V/µm (defined as the field 
required to liberate 10 µA/cm2) for pristine emitters and this 
was reduced to 1.05 V/µm for the N-doped emitters. Rather 
interestingly N-doping resulted in a significant increase in 
the maximum emission current; 17 µA/cm2 (at 2.16 V/µm) 
for pristine whilst 103 µA/cm2 (at 1.47 V/µm) for N-doped. 
Similarly, they noted a dramatic increase in β even though the 
films presented nominally equivalent morphologies. Emission 
enhancement was attributed primarily to chemical adjustment. 
They argued that an increase in defect density and local sub-
stitutional doping—nearly twice that of pyridinic  doping—
reduced the local work function. Other plasma processes have 
been attempted. Qi et al. [50] reported an Ar plasma treatment 
on FLG nanoflakes and whilst others hypothesize an underly-
ing chemical modification through in situ plasma treatments, 
here the effects of Ar treatment are predominantly physi-
cal in nature. Vertically aligned few-layer graphene synthe-
sized by noncatalytic microwave PE-CVD was reported by 
Malesevic et al. [30] (Figure 25.3c). Here, an increase in H2 
partial pressure during growth increased the etch rate which 
subsequently reduced the turn-on voltage. However, though 
β enhancement was indeed observed the poor chamber pres-
sure, only 10−5 mbar, does cast some doubts over the emission 
regime as such pressures are not generally considered suitable 

for field emission measurements. The high chamber pressure 
most likely supported local plasma which preferentially emits 
at the defect sites. This notion is supported by the fact that 
after only a few bias cycles the turn-on field shifted from 2 to 
3 V/µm (Figure 25.3d), which is indicative of plasma etching. 
Moreover, the reduction in β with repeated cycle number sug-
gests a reduction in penetration depth, perhaps attributable to 
increase lattice defects during emission. They substantiated 
these conclusions by performing pre- and postelectron emis-
sion Raman spectroscopy and determined that the graphene 
is indeed significantly degraded during the emission though 
it remained unclear as to the exact reason for this. Similarly, 
poor cyclic performance was also noted [9,30,42].

Graphene is highly conductive and mechanically flexible, 
and it is one of the most transparent materials available to date. 
Using dry-transfer techniques, Lahiri et al. [51] exploited these 
features to demonstrate a flexible transparent all-carbon-based 
electron source fabricated using CVD-synthesized graphene 
transferred to a polymer substrate by hot-press lamination and 
cast with MWCNTs, as illustrated in Figure 25.3f. Though they 
expertly demonstrated emission during mechanical deforma-
tion, it is unclear as to what function the graphene provided. The 
graphene was beneath a layer of CNTs. The nanotubes dominate 
the electron emission and have a lower sheet resistance than the 
graphene (typically around 1 kΩ/sq for undoped as-grown sam-
ples), especially if the percolation threshold is exceeded. Also, 
noting that the fracture strain of graphene is approximately 12% 
[52] whilst for CNT ensembles it is often >700% [53], it quickly 
becomes evident that the graphene provides very little function-
ality at all with regard to conductance enhancement or electron 
emission. Indeed, CNT films are an inherently better combined 
mechanically flexible, optically transparent, electrically con-
ductive, and electron emitting material.

Almost all studies attribute reduced turn-on voltages 
and high field enhancement factors to the perturbed emitter 
morphologies, with very few considering the detailed elec-
tronic structure of the emitting material. Indeed, the high 
field enhancement factors are certainly inconsistent with 
such models as β, which is broadly proportional to the aspect 
ratio of the emitting material, far too large given that most 
ensemble deposition techniques reported produce high lev-
els of space-charge shielding and emission surface occlusion 
due to crowded emitters. Evidently, the reported β values of 
103 are unphysical if attributed to emitter morphology alone. 
Moreover, and particularly in the case of the wet chemistry 
processed thin films, the general assumption of an emitter 
work function of 5 eV is almost always incorrect. Another 
important fundamentally challenging feature associated with 
chemically exfoliated graphene is in achieving high temporal 
stabilities as the solution phase adds vacuum unstable chemi-
sorbed species and though they do temporally reduce the Eon 
this is typically offset by rapid degradation. CVD graphene 
however gives a purer material that can be largely dry-pro-
cessed over large areas.

Graphene has potentially the highest aspect ratio of any 
nanomaterial. Single crystals up to 0.5 mm have been dem-
onstrated by CVD. Such large crystals could provide field 
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enhancement factors of up to 106, if suitably orientated to 
obviate space-charge effects. To fully exploit the potentially 
high aspect ratio of graphene, rather than lie flat on the sub-
strate, the graphene sheets must stand vertically on edge per-
pendicular to the substrate, as was structurally considered by 
Watcharotone et al. [54] using a boundary element method. 
This poses a number of demanding engineering challenges. 
Plasma-enhanced CVD of graphene has been shown to afford 
such morphologies, however, the graphene is highly defec-
tive, though whether this is to the benefit of the field emission 
characteristics is still yet to be determined systematically. 
Others have demonstrated vertically oriented multilayer gra-
phitic nanosheets [55–57]. By embedding graphene flakes in 
a polymer binder, Eda et al. [31] studied solution composites 
which were spin coated which afforded nonlateral geom-
etries with the graphene flakes orientated at various angles 
relative to the substrate. They noted field enhancement factors 
of 1200 and a low threshold field of 4 V/µm. Field emission 
from graphene-based composite thin films has been widely 

demonstrated with films being deposited by dielectrophoresis, 
screen printing, Langmuir Blodgett, and various other chemi 
douche processes. However, the use of polymer binders and 
often vacuum unstable surfactants, solution stabilizers, and 
various host media is less than desirable due to the conse-
quent reduction in reproducibility of the cyclic and temporal 
electron emission and reduced vacuum environment due to 
outgassing. Significant local doping as well as largely uncon-
trollable emitter morphologies dramatically limit the useful-
ness of such approaches, and though we have demonstrated 
the efficacy of such chaotic emitters in reducing the turn-on 
voltage due to the extremely wide full-width half maximum of 
the spatial field enhancement factors, in practice these emit-
ters degrade rapidly. Moreover, to achieve temporally stable 
emission extremely time-consuming current conditioning is 
required which dramatically restricts practicality.

Recently, we reported on the fabrication of CVD gra-
phene fins fabricated through nanoimprint lithography [58]. 
Figure  25.4a depicts the fabrication procedure. As-grown 
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CVD graphene is first coated with a polymer mediator, 
typically PMMA. The catalyst metal is then etched and the 
PMMA/graphene stack is transferred to a structured PDMS 
stamp, defined from an arbitrarily patterned and reactive 
ion etched Si master mold. The PMMA is dissolved and the 
stamp partially dried during which time the resulting surface 
tensions cause the graphene to conformably coat the PDMS 
stamp. This ridged graphene is then contact printed on any 
arbitrary substrate. The scanning electron and atomic force 
micrographs in Figure 25.4b show a typical array of graphene 
fins. Raman spectroscopy revealed that the interfin space is 
formed from nominally monolayer graphene whilst the fins 
themselves are formed from turbostratically aligned bilayer 
graphene aligned perpendicular to the destination substrate 
(Figure 25.4c). Electrostatic equipotential profiles (Figure               
25.4d) indicated a β ~ 100 consistent with both the fin mor-
phology and the directly measured field emission profiles 
(Figure 25.4e). With no emitter conditioning we find very sta-
ble temporal emission with <13% variation over 100 h emis-
sion as well as negligible drift over 40 cycles (Figure 25.4f). 
Wang et al. [57] reported a similarly impressive stability from 
carbon nanosheets and measured a variation in emission cur-
rent of ~2.3% over more than 7000 cycles for emission cur-
rents of up to 1.3 mA.

Though the use of imprint techniques such as this certainly 
offer a number of advantages over earlier composite-based 
work there still remains an issue with the attainable aspect 
ratios. The aspect ratio, which defines β in part, of the gra-
phene fins is defined by the stamp morphology. The fracture 
strain of the graphene limits the maximum aspect ratio dur-
ing the solvent vaporization stage. The graphene cannot con-
formably adhere to stamps with aspect ratios of more than a 
few hundred as it will rupture. This is a common nanoengi-
neering challenge. Graphene-composite techniques based on 
exfoliated graphite are also limited in their attainable field 
enhancement factor principally due to emitter crowding and 
space-charge effects.

Exfoliation techniques have been widely used in the past 
as they typically afford the highest quality materials though 
recent advances in graphene CVD have shown graphene 
flakes that are of equivalent quality to their natural Kish or 
highly orientated pyrolytic graphite counterparts, but which 
are significantly larger, with millimeter-scale single graphene 
crystals becoming available [59,60]. CVD is evidently one of 
the few ways to truly access the high field enhancement fac-
tors of graphene. Though we have demonstrated a structured 
transfer technique to transfer as-grown CVD graphene fins 
to arbitrary substrates, detailed above, the approach is funda-
mentally limited due to the intrinsic fracture strain of the gra-
phene. Polymer-mediated transfer is perhaps the most common 
transfer technique. Here a polymer, typically PMMA, media-
tor is cast onto the catalyst/graphene stack. This tertiary stack 
is then transferred to a catalyst etchant, typically, ferric chlo-
ride or ammonium persulfate, which etches the catalyst metal 
leaving the graphene adhering to the PMMA. The PMMA/
graphene stack is then mechanically transferred, by trained 
individuals, to arbitrary substrates. This approach results in 

planar graphene lying flat on a bulk substrate. The substrate 
electrostatically shields the graphene, thereby compromising 
its field emission performance. Nevertheless, planar emission 
has been measured [61]. However, to fully access the high 
aspect ratio in a planar context (as this affords the highest β), 
the graphene must be elevated off the substrate.

Using vertically aligned, regular arrays of carbon nanofi-
bers grown by plasma-enhanced chemical vapor deposition 
on glass we have fabricated elevated planar graphene triode 
field emitters. Figure 25.5a shows a schematic depiction of 
the triode structure [62]. CNT-supported-graphene forms 
the cathode and gate (Figure 25.5b and c), whilst the anode 
is formed from an ITO coated glass coated with a screen 
printed low-voltage phosphor. In the cathode-gate channel 
we have deposited an emission current gain medium, here 
hydrothermally synthesized zinc oxide tetrapods were used 
due to their high secondary electron yield and high back-
scattered electron coefficient (Figure 25.5d) [62]. We have 
used this triode morphology, which has been shown to effi-
ciently modulate the anode current by an order of magnitude 
(Figure 25.5f and g), to elevate the graphene off the glass 
substrate allowing it to function as an effective edge emit-
ter. We have scaled this planar triode structure to produce 
the world’s first large-area graphene electron emission dis-
play that is 21 cm in diagonal and that is capable of video-
rate imaging (Figure 25.5e) [62]. The inset of Figure 25.5e 
shows an optical micrograph of a pixel subset of the proof-
of-principle display, where each pixel is approximately 
500 × 500 µm [62].

25.2  ALTERNATIVE USES OF GRAPHENE: 
AN ELECTRON TRANSPARENT 
FIELD EMISSION TRIODE GATE

In the optical window graphene absorbs only 2.3% of the 
incident light per layer [63]. Graphene is also an extremely 
electron transparent media [64] whilst also being extremely 
conductive. Using this notion we have developed a graphene 
gated triode electron emitter that facilitates uniform electric 
field profiles, thereby ensuring highly collimated electron 
beams, whilst also simultaneously offering an extremely high 
electron transmission efficiency [65]. Figure 25.6a shows a 
schematic of the nanocarbon field emission triode structure 
depicting the phosphor/ITO/glass anode, the highly electron 
transparent graphene gate electrode, and the grounded CNT 
field emitting cathode. Figure 25.6b shows a typical scan-
ning electron micrograph of a fabricated hybrid gate elec-
trode. Monte Carlo simulations, as depicted in Figure 25.6c, 
highlight that the transmission efficiency for ideal graphene 
tends to 100% for up to three layers at typical triode oper-
ating energies of 1–5 keV. Scanning tunneling bright-field 
contrast microscopy and sample current microscopy support 
these findings, though a slight increase in electron energy is 
evident, most likely attributed to material nonidealities of 
the CVD-synthesized material, such as grain boundaries and 
local defects. Direct measurements from fabricated triodes 
gave a transmission efficiency of approximately 70%, where 
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this 30% reduction is due to the spatial occlusions associated 
with the graphene-supporting metallic grid (Figure 25.6d).

The graphene adlayer planarizes the gate electrodes electric 
field reducing lobbing and other nonidealities which stimulate 
beam divergence. This facilitates an increasingly collimated 
beam, even in the presence of Coulomb interactions. Figure 
25.6e depicts the beam uniformity, as determined from inte-
grated intensity images. Ab initio simulations of the electron 
trajectories of the graphene hybrid and bare gates suggest that 
the beam diameter of the graphene hybrid is between 57.2% 
(empirical) and 69.5% (model) narrower than that of a conven-
tional bare gate. The graphene hybrid offers a near 90° highly 
collimated electron beam, whilst the bare gate has a poorer 
beam divergence of only 71°.

Lacey carbon-coated TEM grids, metallic grids coated 
with a-C, have been used in electron microscopy for many 

years and their structure is not dissimilar from that of the gra-
phene hybrid herein reported. We directly compared the emis-
sion current stability of the graphene hybrid gate and a 7 nm 
lacey carbon gate (Figure 25.7a). Not only was the trasncon-
ductance of the lacey carbon grid-based triode 49.3% lower 
than that of the graphene hybrid, but the lacey carbon gates 
were significantly less temporally stable (±9.6%) compared to 
the graphene hybrid (±1.0%) for equivalent bias and time, with 
room temperature accelerated lifetime measurements showing 
an instability of <2.2% for the graphene gates (Figure 25.7b). 
Similarly, the hysteretic performance of the graphene gated 
triode showed only a minor drift of <3.2% (Figure 25.7c), 
which is significantly improved over similar nanocarbon-
based triode morphologies. Raman spectroscopy confirmed 
that the graphene was not crystallographically degraded by the 
impinging high energy electron-beam (Figure 25.7d) and that 
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under typical triode operation conditions, the beam potentials 
are much less than the sp2 knock-on threshold (~90 keV).

25.3 SUMMARY

Graphene has a promising future in field emission applica-
tions. From the outset the planar nature of graphene would 
suggest that it is a somewhat odd idea to use it as an electron 
emitting material, however, here we have evidenced that not 
only can it be used an efficient electron emitter but it can also 
offer other interesting uses in field emission devices, exem-
plified by our recent work on an electron transparent triode 
graphene gate. Further advances in the understanding of the 
fundamental emission mechanisms and electron transmis-
sion are critical and though this research field is still, rather 

paradoxically given the long history of field emission, in its 
infancy, the mass-production of emitters from CVD graphene 
will likely in the near-future yield the means of fabricating 
novel nanostructured electron sources for a wide variety of 
established and emerging applications.
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26 Fabrication of High-Surface-Area 
Graphene-Based Nanocomposites 
via a Facile Chemical Route

Jian Xie and Zhe-Fei Li

ABSTRACT

Graphene, a single-atom-thick sheet with sp2-hybrized carbon 
honeycomb structure, has attracted tremendous attention dur-
ing the past decade. Owing to its exotic properties, graphene 
is considered to be an excellent candidate for the next genera-
tion of nanostructured materials. However, due to the strong 
van der Waals force between neighboring layers, graphene 
sheets intend to restack during synthesis into a few layers of 
thick aggregated sheets, resulting in a dramatic decrease in the 
surface area. This chapter presents the methods for utilizing 
functionalized carbon black (FCB) and polyaniline (PANI) 
as the spacers to prepare high-surface-area graphene com-
posites. The surface area of the resulting composite material 
was measured to be as high as 1256 m2/g. The spacer particles 
were sandwiched between the graphene sheets, preventing the 
restacking of the graphene. The unique structure of the cre-
ated graphene-based material facilitates the high-rate trans-
port of electrolyte ions and electrons throughout the electrode, 
resulting in excellent electrochemical properties. In addition, 
graphene or graphene oxide (GO) as the platform to synthe-
size synergistic composite materials is discussed. This chapter 
demonstrates facile methods to construct graphene-based hier-
archical nanocomposites and may guide the material develop-
ment for designing new composites at the nanometer scale. 
These methods can easily be scaled up for mass-production of 
high-surface-area materials. The application of these compos-
ite materials will be extended to many fields, including energy 
storage and conversion, catalysis, gas sorption, sensors, etc.

26.1 INTRODUCTION

Since the first direct observation and characterization of a sin-
gle-layer graphene sheet by Novoselov et al. in 2004, graphene 

has attracted tremendous research interest.1 Graphene is a 
single-atom-thick, two-dimensional sheet of sp2-hybrized 
carbon atoms arranged in a honeycomb structure. Graphene 
exhibits exceptionally high Young’s modulus (1 TPa), surface 
area (2630 m2/g), thermal conductivity (3000–5000 W/m·K), 
and charge carrier mobility (20,000 cm2/V·s).2–4 These supe-
rior properties make graphene a promising candidate in many 
applications, such as sensors,5,6 field-effect transistors,7 gas 
sorbents,8 fuel cells,9,10 batteries,11–13 and supercapacitors.14–16 
Graphene is especially promising in supercapacitor applica-
tions because of its high-surface area and electrical conductiv-
ity. The double-layer capacitance of a carbon supercapacitor is 
proportional to the amount of the electrode material surface 
area that is accessible by the electrolyte ions.17 Commercial 
supercapacitors based on activated carbon electrodes deliver 
an energy density of less than 10 Wh/kg, which is signifi-
cantly lower than that of Li-ion batteries.18 Therefore, pre-
paring materials with high specific surface area and suitable 
pore size is critical to achieving high-performance superca-
pacitors. Compared with carbon nanotubes (CNTS), graphene 
possesses a much higher surface area and higher electrical 
conductivity. Hence, graphene is considered to be an excellent 
candidate for the next generation of nanostructured materials 
and could potentially replace CNTs.

Several different approaches have been developed to pre-
pare graphene, including mechanical exfoliation from graph-
ite,19 chemical vapor deposition (CVD),20,21 growth from 
organic precursors,22 epitaxial growth,23 and chemical oxida-
tive exfoliation24,25. The chemical route to prepare graphene 
from exfoliated graphene oxide (GO) is mostly employed 
because of its advantages such as low cost, relatively easy 
synthesis, and easy scale-up. However, due to the strong van 
der Waals force between neighboring layers, graphene sheets 
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are inclined to restack during synthesis into a few layers of 
thick aggregated sheets, resulting in a decrease in the surface 
area. A few research groups have previously utilized spac-
ers, such as Co3O4,26 Pt,27 CNTs,28 and carbon black29,30 to 
prevent restacking of the graphene. The hydrophobic surface 
of carbon black limits its uniform distribution in graphene/
carbon black composites. Carbon black nanoparticles are 
mostly present on the edges of the graphene sheets.30 Carbon 
black can be facilely functionalized with hydrophilic groups 
(i.e., –SO3H, –COOH, –NH2) via a diazonium reaction.31,32 
Functionalized carbon black (FCB) possesses a smaller pri-
mary particle size and better dispersion in water, and can 
uniformly anchor onto the graphene surface.33 Composites 
prepared using FCBs show a much higher surface area and 
better electrochemical performance, as compared to those 
prepared with pristine graphene.

In addition, the electrochemical performance of the elec-
trode material can be improved by incorporating a pseudoca-
pacitive material into the graphene matrix. Metal oxides such 
as Ni(OH)2,34 MnO2,35 RuO2,36 and conducting polymers (e.g., 
PANI37,38) have been utilized to fabricate composite materi-
als. The synergistic effects from the interaction between 
graphene and the foreign materials can greatly enhance the 
performance of the graphene composites. Particularly, V2O5 
and PANI have been extensively studied as supercapacitor 
electrodes due to their high pseudocapacitance.39,40

This chapter presents the methods for utilizing FCB and 
PANI as the spacers to prepare high-surface-area graphene 
composites. Their application as electrochemical supercapac-
itor electrodes is demonstrated. Also, the potential for using 
graphene or GO as the platform to synthesize synergistic 
composite materials is discussed.

26.2  PREPARATION OF HIGH-SURFACE-
AREA GRAPHENE COMPOSITES WITH 
FCB AND PANI AS THE SPACERS

Scalable production of high-surface-area graphene is in great 
demand. The CVD method can produce single-layer graphene 
with nearly ideal mechanical and electrical properties. Yet, 
the CVD method suffers from a few problems. One of the 
disadvantages is that gaseous by-products are very toxic. Until 
now, graphene could be produced only in cm2 scale. The high 
cost of this technique has also limited the potential to pro-
duce large-scale graphene for supercapacitor applications. 
The chemical exfoliation of graphite followed by its chemical 
reduction is still the primary route to make industrial-scale 
graphene. The chemical reduction of a suspension of exfoli-
ated GO in water by hydrazine results in aggregated graphene 
sheets. However, chemically derived graphene typically has a 
surface area of less than 500 m2/g, which is much lower than 
the theoretical value of 2630 m2/g.41 As discussed in the intro-
duction, the proper selection of spacers is critical to achieve 
graphene with a high-surface area. A strong interaction (i.e., 
electrostatic force) between the GO and the spacers is gen-
erally desired to achieve optimum efficiency in preventing 

graphene restacking. Therefore, nanoparticles that can 
strongly adsorb onto graphene will be studied here.

26.2.1  FabriCation oF hiGh-SurFaCe-area 
Graphene/FCb CompoSiteS

Utilizing FCBs as the spacers to prepare high-surface-area 
graphene has been demonstrated by Wang et al.33 As shown 
in Figure 26.1a, the construction of the composite involved 
three steps: the exfoliation of graphite, the mixing of the GO 
and the FCB in the solution, and then the reduction. This syn-
thesis process was monitored using cryogenic-temperature 
transmission microscopy (cryo-TEM) (Figure 26.1b and c), 
which revealed the evolution of the composite structure in 
the solution. Cryo-TEM has the advantage that it can image 
samples (i.e., FCB and graphene) suspended in aqueous solu-
tions using the transmission electron microscope and preserve 
the structure unaltered by additional sample preparation. This 
is achieved by fast-freezing the samples to lock their original 
particle structure in the liquid media. Upon mixing the GO 

(a)

FC

Carbon nanoparticle/graphene composites

(b)

200 nm 200 nm

(c)

Reduction

GO

FIGURE 26.1  (a) Illustration of the production processes, func-
tionalized nanocarbons (FC), and graphene oxides (GO); (b) cryo-
TEM image of the solution of functionalized nanocarbon particles 
and GO at 0 h. Light gray arrows point to the FC particles, and the 
white arrow points to the graphene edge. (c) cryo-TEM image of 
the solution of functionalized nanocarbon particles and GO at 8 h 
(after reduction). The light gray arrow points to the aggregated FC 
particles; the dark gray arrows indicate that the carbon nanopar-
ticles were sandwiched between graphene layers. (Reprinted from 
Carbon, 50, Wang, M.-X. et al., 3845–3853, Copyright 2012, with 
permission from Elsevier.)
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and the FCB particles in a solution, the FCB particles became 
anchored to the planes of the GO, as shown by the cryo-TEM 
image (Figure 26.1b) in which the FCB particles appear to be 
adsorbing on the top of the GO layer (as pointed by the arrows). 
After the GO was reduced, these functionalized carbon black 
nanoparticles were likely to be sandwiched between graphene 
sheets. In Figure 26.1c, the agglomerated FCB particles may 
be present on the top or underneath the graphene layer. The 
top graphene layer has multiple folds that are clearly located 
in the micrograph at a higher height than the FCB particles. 
Also, the folds of a different graphene sheet appear to be pres-
ent underneath the carbon particles. These TEM observations 
indicate that the FCB particles are agglomerating and sand-
wiched between the graphene layers. After drying these sam-
ples, we collected conventional TEM images. These images 
also appear to indicate that the graphene sheets aggregated 
together and formed carbon nanoparticle/graphene compos-
ites (Figure 26.2).

The surface chemical composition of the functionalized 
nanocarbons, the GO, and the nanocarbon/graphene compos-
ites was analyzed by XPS (XPS spectra are shown in Figure 
26.3). The C:O ratio of GO is much higher than that of the 
nanocarbon/graphene composites, indicating that the oxy-
gen-containing functional groups on the surface of the GO 
were mostly reduced. The S 2p peaks corresponding to the 
sulfur functional groups (–SO3) were observed in both the 

functionalized carbon and the GO, but not in the nanocarbon/
graphene composites (Figure 26.3), suggesting that the –SO3 
groups have, possibly, been removed due to the reduction of 
the nanocarbon/graphene composite by hydrazine.

The nitrogen adsorption–desorption isotherms and the 
pore-size distribution of the as-prepared composites with dif-
ferent FCB content are shown in Figure 26.4. It is worth not-
ing that the Brunauer–Emmett–Teller (BET) specific surface 
area of the graphene (77 m2/g) was much lower than the the-
oretical predictions for a single graphene layer (2630 m2/g). 
With the increasing FCB content in the composites, the spe-
cific surface area also increased, peaked at 1% FCB content, 
and then decreased. The BET specific surface area of the 
composites with FCB content of 1 wt% was measured to be 
as high as 1256 m2/g, which is much higher than that of either 
the FCB (790 m2/g) or the graphene (77 m2/g). It is interest-
ing to note that the pore-size distribution changed with the 
FCB content. Without the introduction of the FCB, almost no 
mesopores existed in the graphene (Figure 26.4b), which is 
consistent with the low BET surface area (77 m2/g), suggest-
ing the restacking of the graphene during drying. Mesopores 
started to appear when the FCBs were introduced into the 
graphene and then concentrated in two regions, 2–10 and 
10–50 nm (Figure 26.4b), which are the same regions of the 
FCBs (Figure 26.4b). Combining the cryo-TEM images and 
the porosimetry data, it can be concluded that the layered 

200 nm
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(a)

(c) (d)

(b)

100 nm

40 nm

FIGURE 26.2  TEM images: (a) pure graphene; (b) functionalized nanocarbons; (c) synthesized composites (1 wt% nanocarbon and sur-
face area of 1256 m2/g): the green arrow points to the nanocarbons (FC); (d) high-magnification TEM image of composites: the nanocarbon 
particles can be seen between the neighboring graphene layers (the dark gray arrow shows the top graphene layer, the light gray arrow 
shows the FC particles, and the blue arrow indicates the lower graphene layer). (Reprinted from Carbon, 50, Wang, M.-X. et al., 3845–3853, 
Copyright 2012, with permission from Elsevier.)
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structure (which is the gap between the two neighboring gra-
phene layers) was formed for the graphene/FCB composite, 
as depicted in the schematic in Figure 26.1a. This suggests 
that increasing numbers of gaps between the two neighboring 
graphene layers stayed open during drying due to the FCB 
particles acting as spacers between the graphene sheets.

The advantages of using the composites as supercapacitor 
electrodes were evaluated by cyclic voltammetry (CV) and 
galvanostatic charge/discharge. Figure 26.5a shows the CV 
curves of the graphene composites with various scan rates in 
the range of −0.2 to 0.8 V versus Ag/AgCl. The linear current 
combined with the voltage increase indicates that little faradic 
current occurs in nature for the composites. As show in Figure 
26.5a, the CV curves of our graphene composites are nearly 
rectangular in shape, indicating an excellent capacitance 
behavior and low contact resistance. Galvanostatic cycling 
of the graphene composite electrode was performed at differ-
ent current densities. As seen in Figure 26.5b, the discharge 
curves are linear in the total range of potential, showing nearly 
perfect capacitive behavior. The specific gravimetric capaci-
tance was calculated from the discharge process according to 
the following equation:

 
C

I t
m V

= ∆
∆  

(26.1)

where C is the specific capacitance of the active material, I is 
the current density, Δt is the discharge time, ΔV is the poten-
tial change, and m is the mass of the active material.

The capacitance of the composites was calculated to be 
324.6 F/g at a discharge current density of 0.3 A/g and 252.6 F/g 
when the discharge current density increased to 5 A/g, leav-
ing only a 7.5% loss with a 400% increase of the discharge 
current density. Therefore, our results show that the addition 
of nanocarbon plays a very important role in improving the 
electrochemical performance of the composites. The specific 
capacitance of the high-surface-area composites was higher 
than that of the FCB spacers (Figure 26.5d). Figure 26.5c shows 
the variations of specific capacitance with cycle number for gra-
phene composites with a surface area of 1256 m2/g at a current 
density of 1 A/g. The specific capacitance remains 99% after 
1400 cycles of testing. This illustrates that our carbon nanopar-
ticle/graphene composite-based supercapacitor possesses good 
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FIGURE 26.3 XPS spectra of the functionalized nanocarbons 
FCB, GO, and carbon nanoparticle/graphene composites. (Reprinted 
from Carbon, 50, Wang, M.-X. et al., 3845–3853, Copyright 2012, 
with permission from Elsevier.)
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stability, a long cycle life, and a very high degree of reversibility 
in the repetitive charge–discharge cycling.

26.2.2   FabriCation oF hiGh-SurFaCe-area 
Graphene/pani CompoSiteS

In addition to FCB, PANI composites were also found to be 
able to function as spacers to reduce the restacking of the gra-
phene sheets, as reported by Li et al.42 PANI is a conducting 
polymer that contains positively charged amine/imine groups 
on its polymer chain, which may favor adhesion onto the GO 
surface. A similar experimental procedure was used to syn-
thesize graphene/PANI composites. PANI/PSS nanoparticles 
were used because of their good dispersion in water.

The compositional details of the GO, graphene, PANI, and 
graphene/PANI composites were analyzed by XPS and are 
shown in Figure 26.6. The C:O ratio is an indication of the 
oxygen-containing functional groups (i.e., C–O, C5O, C(O)
O). The C:O ratio of GO (2.5) is much higher than that of 
the graphene (10.9) and the graphene/PANI nanocomposites 
(11.3), suggesting that the functional groups on the surface 
of the GO were mostly reduced. It can be seen that PANI 
has a higher N and S composition than the graphene-based 
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materials. Compared with pure graphene, the higher N and S 
content in graphene/PANI composites indicates the presence 
of PANI/PSS in graphene/PANI composites. Upon hydra-
zine reduction, the relative ratio of C–O and C5O functional 
groups is significantly reduced.

The specific surface area of graphene and its composites 
was determined by an N2 adsorption/desorption analyzer and 
calculated based on BET theory and is shown in Figure 26.7. 
It can be seen that the BET specific surface area of the gra-
phene without the addition of PANI was only 268 m2/g. As 

the PANI content in the composites was increased, the spe-
cific surface area of the resulting composites also increased, 
peaking at around 2 wt% PANI content, and then decreased 
slightly. A BET specific surface area of the composites with 
2 wt% PANI was determined to be as high as 891 m2/g, much 
higher than that of either the PANI (49 m2/g) or the pure gra-
phene (268 m2/g). This large specific surface area of graphene/
PANI suggests that the introduction of PANI nanoparticles 
between the 2D graphene sheets can reduce the layer-to-layer 
stacking, when compared to that of pure graphene. When the 
PANI content is equal to 3% or higher, the BET surface area 
of the resulting composites decreases slightly, though it is still 
significantly higher than that of pure graphene.

PANI/PSS nanoparticles were synthesized via a chemical 
oxidative polymerization of aniline with PSS as the dopant 
and stabilizer.43,44 Graphene/PANI nanocomposites were then 
prepared by in situ chemical reduction of exfoliated GO in the 
presence of different amounts of PANI. The synthesis consists 
of three steps: (1) the exfoliation of GO in a diluted aqueous 
solution; (2) the uniform mixing of GO and PANI; and (3) 
the chemical reduction by hydrazine. The morphology of GO, 
graphene, and graphene/PANI composites was studied using 
SEM and TEM, as shown in Figures 26.8 and 26.9. A layered 
structure can be observed in the SEM images of both the pure 
graphene (Figure 26.8a and b) and the graphene/PANI com-
posites (Figure 26.8c and d), which results from the stacking of 
the graphene sheets because of the van der Waals force inter-
action. In order to understand the influence of the addition of 
PANI in preventing the graphene restacking, cryo-TEM was 
utilized to study the morphology of the GO and PANI in aque-
ous solutions. It is shown in Figure 26.9a that, upon mixing 
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FIGURE 26.8  SEM image of (a) low magnification and (b) high magnification of pure graphene and (c) low magnification and (d) high 
magnification of graphene/PANI nanocomposites. (Reprinted with permission from Li, Z.-F. et al. ACS Appl. Mater. Interfaces, 5, 2685–
2691. Copyright 2013 American Chemical Society.)
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the GO and the PANI in the solution, some of the PANI par-
ticles were adsorbed onto the GO sheet. The TEM image of 
the freeze-dried GO solution with 2 wt% PANI before the 
hydrazine reduction (Figure 26.9b) also indicates that the 
PANI particles tend to adsorb on the GO sheet. After the 
hydrazine reduction, the PANI nanoparticles were anchored 
onto or sandwiched between the graphene sheets (Figure 
26.9c). Figure 26.9d shows the SEM image of the PANI/PSS 
nanoparticles, which possessed a particle-size distribution of 
mainly 20–40 nm. It is speculated that, upon mixing GO and 
PANI in the solution, the PANI nanoparticles tend to adsorb 
on the GO sheets due to the coulombic interaction and the van 
der Waals force between the PANI and the GO. When the GO 
is reduced by hydrazine, the hydrophilic functional groups 
on the GO are removed, causing the reduced GO sheets to 
restack. After the hydrazine reduction of the GO, most of the 
adsorbed PANI nanoparticles were sandwiched between lay-
ers of graphene. These PANI nanoparticles acted as spacers 
to create gaps between neighboring graphene sheets. These 
gaps are accessible by gaseous or liquid species.33 This result 
is consistent with the work using FCBs as spacers to prevent 
graphene restacking.33

Several critical factors can influence the surface area 
of graphene composites. First of all, single-layer GO and 
nanoparticles must be well dispersed in water. In this work, 
a dilute dispersion of GO and PANI (0.2 mg/mL) was used to 
prevent significant aggregation.45 Second, a strong interaction 
of GO and nanoparticles is required to uniformly incorporate 
nanoparticles into the graphene network to prevent restack-
ing. For instance, when acetylene blacks were used as spacers, 
most of the carbon particles were found to exist near the edge 
of the graphene rather than uniformly dispersing between the 
graphene layers.30 Moreover, the nanoparticles are expected 
to have a relatively low density, as the nanoparticles also con-
tribute to the total weight of the composites. PANI was chosen 
as the candidate spacer due to its several beneficial proper-
ties, that is, good dispersion, the strong interaction between 
PANI and GO/graphene, and low density. Finally, the freeze-
drying technique can partially reduce the restacking of the 
graphene.46 Overall, based on the N2 adsorption–desorption 
isotherms, pore-size distribution, and SEM and TEM obser-
vations, it can be concluded that our synthesized graphene/
PANI composites exhibited a layered structure separated by 
PANI nanoparticles. Such a structure with both a high-surface 
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particles). (Reprinted with permission from Li, Z.-F. et al. ACS Appl. Mater. Interfaces, 5, 2685–2691. Copyright 2013 American Chemical 
Society.)
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area and a proper size distribution may lead to a faster diffu-
sion rate in graphene/PANI composites, which can be utilized 
in supercapacitor applications.

The electrochemical performance of the graphene and gra-
phene/PANI composites was examined using CV, galvano-
static charge/discharge tests, and electrochemical impedance 
spectroscopy, as shown in Figure 26.10. The specific capaci-
tance of graphene and graphene/2 wt% PANI was calculated 
based on galvanostatic discharge curves using Equation 
26.1 and is shown in Figure 26.10b. The shape of all charge/
discharge curves is nearly linear and symmetric, which is 
characteristic of good capacitance. At 0.1 A/g, the specific 
capacitance of graphene/PANI composites is 257 F/g, and 
even at 10 A/g the specific capacitance is 145 F/g. Again, the 
graphene/PANI composites exhibited a much higher specific 
capacitance (213 F/g at 1 A/g) than pure graphene (116 F/g at 
1 A/g), resulting from the higher surface area of the compos-
ites and a faster ion diffusion rate. The capacitance of gra-
phene/PANI composites is higher than those of previously 
reported graphene,47–49 CNT,50 and activated carbons.51,52 
The cycling life of graphene/PANI composites was tested at 
a charge/discharge rate of 2 A/g (Figure 26.10c). After 1000 

cycles, the capacitance still remained about 98% of initial 
performance. In Figure 26.10d, the Nyquist plot of the gra-
phene/PANI composites showed an arc shape in the high-
frequency region and then a vertical line in the low-frequency 
region. The vertical line in the low-frequency region indicates 
a good capacitive behavior. The equivalent series resistance 
(ESR) can be estimated from the x-intercept of the Nyquist 
plot to be about 0.5 ohm. This low ESR could be attributed to 
the high conductivity of the graphene and the low diffusion 
resistance of the electrolyte ions in the composite electrode. 
Electrochemical measurements have shown that graphene/
PANI composites can be a promising candidate material for 
supercapacitor applications where high surface area and suit-
able pore-size distribution is required. The surface area and 
specific capacitance of the graphene composites in this work 
and others’ work is summarized in Table 26.1.

26.2.3  Graphene-baSed SynerGiStiC CompoSiteS

Because of the increasing power needs for electric vehicles, 
tremendous effort has been devoted to energy storage devices 
with high power density, energy density, and rate performance. 
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In this regard, electrochemical supercapacitors are very prom-
ising because of their better cycling performance and higher 
power density.57–60 Supercapacitors are of two types. One 
is the double-layer capacitance based on the electric charge 
storage of the high-surface-area carbon materials.47,61,62 The 
other is pseudocapacitance, which is associated with the 
redox reaction of metal oxides63–65 or conducting polymers.66 
Among those pseudocapacitance candidate materials, much 
effort has been dedicated to the construction of supercapaci-
tors using PANI and V2O5. PANI has been considered as one 
of the most promising and versatile conducting polymers for 

supercapacitor applications because of its high capacitance, 
low cost, and easy synthesis.67–69 Among the low cost metal 
oxides, V2O5 is a one of the metal oxide candidates as super-
capacitor electrodes because of its high specific capacity, low 
cost, and easy synthesis.65 However, these materials often 
suffer from several critical disadvantages, that is, poor stabil-
ity, low conductivity, low surface area.70,71 It is well-known 
that the capacitance is dependent on the surface area of the 
electrode material accessible by the electrolyte ions. These 
disadvantages could be solved by combining the high pseudo-
capacitance from V2O5/PANI and the high conductivity and 
mechanical stability from graphene.72,73

Hierarchical PANI/GO nanocomposites can be prepared 
via a facile chemical route.74 GO was prepared by Hummer’s 
method. Then, the surface of the GO was functionalized with 
aniline groups via a diazonium reaction. Finally, covalently 
grafted PANI/GO nanocomposites were synthesized by in situ 
polymerization of aniline in the presence of aniline-function-
alized GO, an oxidant, and an acid dopant. SEM was carried 
out to examine the morphology of the PANI/GO composites. 
The prepared composites exhibited a homogeneous hierarchi-
cal morphology of the layered structure and vertically grown 
nanorods, shown in Figure 26.11. The interesting morphol-
ogy can be explained by the nucleation theory. The polymer-
ization of aniline was initiated on an aniline-functionalized 
GO surface, resulting in a number of active nucleation sites. 
Nucleation can then take place on the formed active sites, 
leading to composites with a layered structure and vertically 
grown PANI nanorods. To evaluate the performance of this 
composite as a supercapacitor electrode, galvanostatic charge/
discharge measurements were carried out in a two-elec-
trode configuration. Figure 26.12 shows the electrochemical 
test result of covalently grafted GO/PANI composites. The 

TABLE 26.1
Summary of Surface Area and Specific 
Capacitance of Graphene Composites as 
Supercapacitor Electrodes

Sample

Surface 
Area 

(m2/g)
Specific 

Capacitance

Graphene/FCB33 1256 324.6 F/g at 
0.3 A/g

Graphene/PANI42 891 257 F/g at 0.1 A/g

Graphene/Pt27 862 N/A

Graphene/carbon black30 586 175 F/g at 10 mV/s

Graphene/CNT28 407 318 F/g at 0.1 A/g

Graphene/polyoxometalate53 680 N/A

Graphene/CNT chemically bonded54 N/A 165 F/cm3 at 
0.1 A/g

Graphene/RuO2
36 281 570 F/g at 0.1 A/g

Graphene/carbon aerogel55 460 187 F/g at 1 A/g

Graphene/CMK-556 1370 170 F/g at 0.2 A/g

FIGURE 26.11  SEM images: (a, c, and d) covalently grafted PANI/GO composites (aniline:GO=6:1) and (b) nongrafted PANI/GO com-
posites (aniline:GO=6:1). The scale bars are 1 µm in (a) and (b) and 200 nm in (c) and (d). (Reprinted from Carbon, 71, Li, Z.-F. et al., 
257–267, Copyright 2014, with permission from Elsevier.)
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corresponding specific capacitance from the discharge curves 
based on the total mass of the active electrode material is cal-
culated to be about 442 F/g, which is much higher than GO or 
PANI alone. The excellent electrochemical performance can 
be attributed to the maximized synergistic effect between GO 

and PANI in the PANI/GO composites prepared via this cova-
lent grafting approach.

Ultrathin V2O5 nanosheets/graphene nanocomposites 
were prepared by hydrolysis of vanadyl isobutoxide on gra-
phene. Vanadyl isobutoxide and GO were dispersed in NMP 
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and stirred in a glove box for 24 h. Then, a mixture of water 
and NMP was added into the dispersion dropwise. After stir-
ring for another 24 h, the dispersion was centrifuged and the 
resulting product was calcined at 600°C for 2 h in Ar. The 
SEM and TEM images of the graphene/V2O5 (Figure 26.13a 
and c) show a planar morphology. The presence of the V ele-
ment is evidenced by electron dispersive spectroscopy (EDS) 
(Figure 26.13b). The electrochemical performance of this 
composite as a supercapacitor electrode was evaluated by 
CV, as shown in Figure 26.13d. The corresponding specific 
capacitance values from CV curves based on the total mass of 
active electrode materials is calculated to be about 417 F/g at 
a 5 mV/s scan rate.

26.3 SUMMARY

In summary, a simple process was developed to prepare high-
surface-area graphene-based composites by reducing the GO 
in the presence of nanoparticle spacers like FCB and PANI. 
The spacer particles were sandwiched between the graphene 
sheets, partially preventing the restacking of the graphene. 
This method can easily be scaled up for mass-production of 
high-surface-area materials. The surface area of the resulting 
composite material was measured to be as high as 1256 m2/g. 
The unique structure of the created graphene-based material 
facilitates the high-rate transport of electrolyte ions and elec-
trons throughout the electrode, resulting in excellent electro-
chemical properties.

Graphene/GO can be functionalized with pseudocapaci-
tance materials (i.e., PANI, V2O5), resulting in hierarchical 
nanocomposites. The electrochemical studies proved that 
PANI/GO or graphene/V2O5 nanocomposites possessed a 
synergistic effect between the GO/graphene and the for-
eign materials, which exhibited better electrochemical 
performance than each individual component. This study 
demonstrates facile methods to construct graphene-based 
hierarchical nanocomposites and may guide the way for 
designing new composite materials at the nanometer scale. 
The application of these composite materials will be extended 
to many fields, including energy storage, catalysis, gas sorp-
tion, and sensing.
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27 Hydrogenated Graphene
Preparation, Properties, and Applications

Tandabany C. Dinadayalane and Jerzy Leszczynski

ABSTRACT

Graphene, a nanomaterial represented by a single atomic layer 
of planar carbons, continues to attract widespread research 
interest due to its remarkable electronic and structural proper-
ties. Chemical modification of graphene that includes attach-
ment of atomic hydrogen to selected carbon sites or all carbon 
sites correspondingly produces partially hydrogenated gra-
phene (PHG) or fully hydrogenated graphene (graphane). H 
chemisorption is accompanied by transformation of carbon 
from sp2 to sp3 hybridization, resulting in a relaxation of the 
carbon atom toward the hydrogen atom. In this chapter, we 
reveal different approaches used for hydrogenation of gra-
phene, and various experimental techniques employed for the 
characterization of structures, dehydrogenation, and important 
properties of hydrogenated graphene. We outline four isomeric 
single-sheet graphanes. Theoretical and experimental stud-
ies focusing on the feasibility of single-sided hydrogenated 
graphene at both low and high hydrogen coverage are delin-
eated. We discuss the electronic and mechanical properties 
of graphane and PHG. The results of vibrational spectra and 
nuclear magnetic resonance (NMR) data from computational 
studies are provided. We also highlight the recent studies of 
experimentally known fluorographene, partially hydrogenated 
graphene (C4H), graphane nanotubes, and bilayer graphane. 
As an emerging and important field, the fully hydrogenated 

derivative of graphene (called graphane) and PHG have many 
potential applications and deserve detailed review of their 
characteristics and further comprehensive studies.

27.1 INTRODUCTION

The electronic structure of graphene as a two-dimensional 
(2D) atomic sheet of carbon was predicted in 1947.1 However, 
the first experimental synthesis and characterization of gra-
phene was reported in 2004 by Novoselov et al.2 In the last 
decade, graphene stimulated vast interest due to its outstand-
ing electrical, thermal, and mechanical properties. Graphene 
is considered an important material for many next-generation 
technologies, including high-frequency electronics, broad-
band photodetectors, supercapacitors, biological and gas sen-
sors, alternative energy, etc.3−8 It has applications in a wide 
range of research areas such as chemistry, physics, biology, 
materials science, and medicine.3−13 The 2010 Nobel Prize in 
Physics to Geim and Novoselov validates the importance of 
graphene not only in basic research but also in various com-
mercial applications. There have been many reviews on gra-
phene and its potential applications in recent years.3–7,9 Hence, 
in this chapter, we do not discuss graphene but we focus on 
partially hydrogenated graphene (PHG) and fully hydroge-
nated graphene (graphane), which represents an important 
functionalized graphene derivative.
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Covalent functionalization of carbon nanomaterials, par-
ticularly carbon nanotubes and graphene, has been mainly 
employed to increase the solubility of these materials.14–17 
Sidewall covalent functionalization of single-walled carbon 
nanotubes (SWCNTs) using different functional groups has 
been studied in our group.18–25 Importantly, we have inves-
tigated the chemisorption of one and two hydrogen atoms 
with SWCNTs using density functional theory (DFT) calcu-
lations.18–21 In case of carbon-based nanomaterials, chemi-
sorption of hydrogen atoms is accompanied by a change in 
hybridization of the carbon atoms from sp2 to sp3.5,17,26,27

The chemisorption of hydrogen is an efficient way to mod-
ify the electronic properties of graphene because of its small 
volume and large contact area.26,28–30 Experimental investi-
gation supported by Raman spectroscopy and transmission 
electron microscopy (TEM) revealed that hydrogenation of 
single-layer graphene (SLG) dramatically changes the elec-
tronic and transport properties, as well as the atomic structure 
of graphene.26,27 The chemisorption of hydrogen atoms on 
graphene induces magnetic moments in the system.31–35 Using 
DFT calculations, Boukhvalov et  al. studied the electronic 
structure, magnetic properties, and energetics of different 
hydrogenated graphene layers.31 At low hydrogen coverage, 
the chemisorbed H atoms behave like defects in sp2 C═C 
matrix. On the other hand, at high hydrogen coverage, the sp3 
C─H bonds become coalescent clusters resulting in a confine-
ment effect on the sp2 C domains.36 The region of structural 
distortion caused by C─H bonding was predicted in the range 
of a few atoms around the hydrogenation site, which is much 
smaller than 1 nm.31 Hydrogen chemisorption is occasionally 
called hydrogen passivation of graphene.30,37 In vitro toxico-
logical assessments were reported for highly hydrogenated 
graphene and graphene oxide.38 Previous works on graphene 
and graphene-based nanomaterials published in the literature 
are summarized in Table 27.1.

27.2 STRUCTURE OF GRAPHANE

It is well known that hydrocarbons are the simplest organic 
compounds and they consist only of carbon and hydrogen 
atoms. In general, hydrocarbons are molecules consisting of 
a carbon backbone with hydrogen atoms attached. The back-
bone can be a linear chain, a ring, or combination of both. 
Sofo et al. predicted the structure of graphane as an extended 
2D covalently bonded hydrocarbon.39 They revealed that gra-
phane is a semiconductor. Their theoretical study based on 
first-principles total-energy calculations motivated the exper-
imental search for graphane.39 Two years later, Elias et  al. 
reported the experimental evidence for novel extended 2D 
hydrocarbon of graphane.26

Chair and boat configurations of fused cyclohexane rings 
were predicted to be energetically favorable for graphane 
(Figure 27.1). In the chair configuration of graphane, the 
C─C bond connects carbon atoms with hydrogen attached at 
opposite sides of the plane. In this case, the length of C─C 
bond was calculated as 1.52 Å that is comparable to the C─C 
(sp3-hybridized C atoms) bond length of 1.53 Å in diamond.39 

Thus, the graphane structure is similar to the diamond struc-
ture since the carbon atoms have the same type of bonds.40 It 
should be noted that the boat configuration of graphane has 
two different types of C─C bonds: the first type of C─C bond 
has a bond length of 1.52 Å and the hydrogen atoms attached 
to these carbons are on opposite sides of the plane, and the 
second type of C─C bond has a bond length of 1.56 Å and 
the hydrogen atoms attached to these carbons are on the 
same side of the plane. The slightly longer bond length for 
the latter case than for the former one could be attributed to 
H…H repulsion; thus, the boat configuration is not as stable 
as the chair configuration. For both chair and boat configura-
tions of graphane, the C─H bond length was shown to be the 
same (1.1 Å). It should be noted that the C─C bond distance 
in graphene is 1.42 Å.39 For fully hydrogenated graphene, 
Boukhvalov et al. reported a C─C bond length of 1.526 Å and 
a C─H bond length of 1.110 Å, and the bond angles of 102.8° 
and 107.5° correspondingly for ∠C─C─C and ∠C─C─H.31 
The stability of chair, boat, and twist-boat graphane struc-
tures was examined using first-principles density functional 
theory calculations (Table 27.2).41

Figure 27.1 also depicts four isomeric 2D sheets of stoi-
chiometry CH, labeled i–iv. The isomers i and ii have a chair 
configuration, while iii and iv have a boat configuration. All 
these four isomers were reported to be stable. Hoffmann and 
coworkers have mentioned that many other isomeric graphane 
sheets are practically plausible. They have also demonstrated 
the ways to construct different isomers. They could not obtain 
the isomer with all hydrogen atoms on one side because such 
a structure is highly strained.42 The factors controlling the 
stability of saturated hydrocarbons like isomers i–iv of gra-
phane are well known in organic chemistry—they include (1) 
CCC angles, (2) eclipsing and staggering interactions along 

TABLE 27.1
Summary of Previous Works on Graphene and 
Graphene-Based Nanomaterials

Sl. No. Content References

1 Popular synthesis and characterization of graphene 2

2 Production, properties, and applications of 
graphene

3–8

3 Different physical forms of graphene: powder, 
flakes, ribbons, and sheets

9

4 Structures and properties of different carbon 
nanostructures

10,11

5 Toxicity of various nanomaterials 12,13

6 Covalent functionalization of graphene and carbon 
nanotubes

14–17

7 Computational studies of covalent 
functionalization of SWCNTs

18–25

8 Hydrogenation of graphene 26,27

9 Electronic properties of graphene modified by 
hydrogen chemisorption

28–30

10 Magnetic properties of hydrogenated graphene 31–35

11 Toxicity of hydrogenated graphene and graphene 
oxide

38
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the C─C bonds, and (3) through-space steric interactions of 
hydrogen atoms. Based on simple organic chemistry rules and 
without doing any calculations, one would expect that i and 
ii (chair cyclohexanes) are more stable than iii and iv (boat 
cyclohexanes). Moreover, ii is less stable than i because ii has 
some close H…H contacts between nearby cyclohexane rings. 
Calculated energies confirmed this expected ordering (see 
Figure 27.2).

The formation energy with respect to other competing 
hydrocarbons is important from a synthetic point of view. 
The values of formation energy per atom for different hydro-
carbons shown in Figure 27.2a indicate that graphane lies in 
the group of already-known and highly stable hydrocarbons 
such as polyethylene, benzene, cyclohexane, cyclohexene, and 
methane. As shown in Figure 27.2b, the benzene molecule and 
the trans- and cis-polyacetylene structures are reported to be 
less stable than the different isomeric structures i–iv of gra-
phane.42 A study concerning various stable crystal structures 

of graphane revealed that locally stable twist-boat membranes 
significantly contribute to the experimentally observed lattice 
contraction.41

27.3  PREPARATION AND CHARACTERIZATION 
OF HYDROGENATED GRAPHENE

Graphene is well known for its high thermodynamic stabil-
ity and chemical inertness. Therefore, new methods and 
techniques are required to create covalent bonds without any 
unwanted side reactions or irreversible damage to the graphene 
sheet.3 Chemisorption of hydrogen on sp2-hybridized carbon 
network is an interesting area of research since it modifies 
the electronic structure of the carbon networks. Theoretical 
studies predicted that the product of complete, one side hydro-
genation of graphene is thermodynamically unstable.31,39 
Several techniques have been explored for effective and con-
trollable hydrogenation of graphene.27 Experimental study 
demonstrated that graphane or hydrogenated graphene can be 
prepared by the hydrogenation and unzipping of SWCNT.43 
Interestingly, graphane was prepared by the irradiation of gra-
phene having H2O adsorbates on both sides of the graphene 
layer. It is important to mention that PHG was formed by the 
irradiation of graphene having H2O or NH3 adsorbates on 
only one side of the layer.44

Hydrogenated graphene has been produced primarily 
using two techniques: (1) atomic hydrogen beams, in which 
molecular hydrogen is cracked on a hot filament26,30,37 and 
(2) exposure to hydrogen-based plasmas.27,29,36,45 In general, 
atomic hydrogen beams are utilized for producing graphene 
with low coverage of hydrogen, while hydrogen plasmas 
provide sufficient hydrogen atoms to realize graphane. It is 
important to highlight that hot, high-power plasmas result in 

Chair

Boat

(a) Side view (i)

(ii)

(iii)

(iv)

Top view(b)

FIGURE 27.1 (a) Chair and boat configurations of graphane. (Schafer, R. A. et al.: On the way to graphane—Pronounced fluorescence 
of polyhydrogenated graphene. Angew. Chem. Int. Ed. 2013. 52, 754–757. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced 
with permission.) (b) Side and top views of four isomeric (i–iv) single-sheet graphane. (Wen, X.-D. et al., Graphane sheets and crystals under 
pressure. Proc. Natl. Acad. Sci. USA, 108, 6833–6837, Copyright 2011 National Academy of Sciences, U.S.A.)

TABLE 27.2
Geometrical Parameters of Graphane

Structure Parameter References

Chair configuration C─C 1.52 Å
C─H 1.10 Å

39

Boat configuration C─C 1.52 Å
C─C 1.56 Å
C─H 1.10 Å

39

Note: Bond distances are given in Å. The C─C (sp3-hybridized 
C  atoms) bond length in diamond is 1.53 Å. The C─C 
bond distance in graphene is 1.42 Å.39
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hydrogenated graphene with significant irreversible defects. 
Nevertheless, low-temperature plasmas and atomic hydrogen 
beams add hydrogen in a manner that is thermally reversible 
to pristine graphene. Hydrogenation of graphene by an Ar/H2 
plasma produced in a reactive ion etching (RIE) system can 
lead to a high and fast hydrogen uptake. Furthermore, it does 
not require special sample preparation and is compatible with 
microfabrication techniques.27

Wojtaszek et al. revealed that hydrogenation of graphene 
happens primarily due to the hydrogen ions and not due to 
highly accelerated plasma electrons fragmenting the water 
add-layer on the graphene surface as suggested by Perez 
et  al.27,46 Hydrogenation of graphene was performed by the 
chemical reaction of SLG with hydrogen atoms, generated 
in situ by the electron-induced dissociation of hydrogen 
silsesquioxane (HSQ).47 Experimental studies used e-beam 
lithography for hydrogenation with single- and multilayer 
graphene.44,47 Byun et  al. studied the nanoscale hydrogena-
tion of graphene under normal atmospheric conditions and at 
room temperature without etching, wet process, or even any 
gas treatment by controlling just an external bias through 
atomic force microscope (AFM) lithography. Micro-Raman 
spectroscopy was used to confirm the nanoscale hydrogena-
tion of graphene.48

Balog et  al. have reported the chemisorption of atomic 
hydrogen on graphene experimentally. At low hydrogen cov-
erage, the formation of hydrogen dimer (two hydrogen atoms 
present at ortho positions, and two hydrogen atoms pres-
ent at para positions) was confirmed by scanning tunneling 
microscopy (STM) images. Figure 27.3 shows an STM image 

of the graphene sample after hydrogen exposure. A number 
of bright protrusions are observed due to chemisorption of 
hydrogen atoms. Hydrogenation was shown to be reversible 
by thermal annealing.49 It is important to mention here that 
experimental studies on hydrogenation of mono-, bi-, tri-, and 
multilayer graphene have been reported.45,46,50 Elias et  al.26 
and Ryu et al.47 independently demonstrated that hydrogena-
tion is more feasible on SLG than that on bilayer graphene 
(BLG). Some other studies concluded that bilayer and mul-
tilayer graphene are quite susceptible to chemisorption of 
hydrogen atoms despite a stiffer lattice structure.45,50 Different 
techniques used for producing graphane or PHG are listed in 
Table 27.3.

Guisinger et al. have utilized STM and scanning tunneling 
spectroscopy (STS) in their study on chemisorption of hydro-
gen with graphene on SiC surface.37 Pairwise adsorption of 
H atoms was observed on the graphene surface, with a subtle 
long-range effect on the electronic structure. The two most 
energetically favorable configurations for hydrogen pair for-
mation are (a) two hydrogen atoms that are on opposite sides 
of the hexagonal ring or (b) they are adjacent. Unlike graph-
ite, chemisorption of hydrogen atoms with graphene showed 
dramatic change in the local density of states (LDOS) over a 
spatial region much larger than the atomic adsorption sites.37 
STS was used to probe the electronic information of the sur-
face that is related to the LDOS.30

Very recently, Scheffler et al. have studied hydrogenated, 
quasi-freestanding graphene by means of high-resolution 
STM and STS. They also used first angle-resolved photo-
emission spectroscopy (ARPES) to provide evidence for the 
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FIGURE 27.2 (a) Formation energy per atom as a function of hydrogen content in atomic percent. Graphane is among the most stable 
hydrocarbons and it is the most stable for its hydrogen concentration. It is also more stable than mixtures of cyclohexene and graphite. 
Calculated binding energy of 9.55 eV/atom for graphite and 3.27 eV/atom for H2 was used. (Reprinted with permission from Sofo, J. O., 
Chaudhari, A. S., and Barber, G. D. Graphane: A two-dimensional hydrocarbon. Phys. Rev. B, 75, 153401. Copyright 2007 by the American 
Physical Society.) (b) The relative energy (in eV per CH; relative to single-sheet graphane i, 0 K) of some CH structures. (Wen, X.-D. et al., 
Graphane sheets and crystals under pressure. Proc. Natl. Acad. Sci. USA, 108, 6833–6837, Copyright 2011 National Academy of Sciences, 
U.S.A.)
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existence of the midgap state at the Fermi level in the long-
range electronic structure. The preferential hydrogen adsorp-
tion patterns on graphene and the local electronic structure of 
H impurities have been explored.51 Since hydrogen impuri-
ties tend to have high mobility, the mapping of the hydrogen 
spots with an STM tip was performed with particular condi-
tions, such as low bias and slow scanning speed.51 Figure 27.4 
shows representative atomic-resolution topography images of 

the hydrogenation sites, and the structures with charge density 
distributions obtained from density functional tight-binding 
(DFTB)-based calculations for single and double hydrogena-
tion with graphene.

Estimation of hydrogen chemisorption on graphene using 
STM has certain limitations: (a) STM probes the surface only 
locally and (b) the measurements are time consuming and dif-
ficult when graphene is deposited on the insulating substrate. 
Raman spectroscopy is considered an alternative approach 
because it is a relatively easy, nondestructive, noncontact-
ing, and quick method to estimate hydrogen coverage from 
even micrometer-sized samples. More importantly, it can be 
used at room temperature and atmospheric pressure.27 Jaiswal 
et al. investigated the electronic properties of graphene sheets 
and graphene nanoribbons (GNRs) with different degrees of 
hydrogenation using a combination of charge transport and 
Raman spectroscopy experiments.50

Elias et al. first annealed all graphene samples at 300°C 
in an argon atmosphere for 4 h in order to remove any pos-
sible contamination.26 Later, the samples were exposed to cold 
hydrogen plasma. A low-pressure (0.1 mbar) hydrogen–argon 
mixture (10% H2) with direct current (DC) plasma ignited 
between two aluminum electrodes. Two hours of plasma 
treatment were required to reach saturation. The hydroge-
nated samples were stable at room temperature for many days 
and showed the same characteristics during repeated char-
acterization measurements. The original metallic state was 
restored by annealing using 450°C in Ar atmosphere for 24 h. 
It should be noted that the higher annealing temperature dam-
aged the graphene. After the annealing, the sample returned 
practically to the same state as before hydrogenation.26 It is 
important to note that standard methods like thermal pro-
grammed desorption (TPD), which is used for graphite, are 
insensitive to the possible amounts of desorbed hydrogen 
from micro-sized flakes.27
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FIGURE 27.3 (a) Scanning tunneling microscopy image of hydrogenated graphene. The bright protrusions visible in the image are 
atomic hydrogen adsorbate structures identified as (i) ortho-dimers, (ii) para-dimers, (iii) elongated dimers, and (iv) monomers (imaging 
parameters: Vt = −0.245 V, It = −0.26 nA). Inset in (a): Schematic of the (A) ortho- and (B) para-dimer configuration on the graphene lat-
tice. (b) Same image as in (a) with inverted color scheme, giving emphasis to preferential hydrogen adsorption along the 6 × 6 modulation 
on the SiC (0001)-(1 × 1) surface. Hydrogen dose at Tbeam = 1600 K, t = 5 s, flux (F) = 1012–1013 atoms/cm2s. (Reprinted with permission 
from Balog, R. et al., Atomic hydrogen adsorbate structures on graphene. J. Am. Chem. Soc., 131, 8744–8745. Copyright 2009 American 
Chemical Society.)

TABLE 27.3
Various Techniques for Preparation of Graphane or 
Partially Hydrogenated Graphene

Sl. No.
Technique for 
Preparation Graphane or PHG References

1 Hydrogenation and 
unzipping of SWCNT

Graphane 43

2 Irradiation of graphene 
having H2O 
adsorbates on both 
sides

Graphane 44

3 Irradiation of graphene 
having H2O or NH3 
adsorbates on one side

PHG 44

4 Atomic hydrogen beam PHG 26,30,37

5 Hydrogen-based 
plasmas

Graphane 27,29,36,45

6 e-Beam lithography Hydrogenation 
with single- and 
multilayer graphene

44,47

7 Hydrogenation by 
nanoscale lithography

PHG 48

8 Chemisorption of 
atomic hydrogen

PHG and/or 
graphane

47,49
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A wide range of characterization techniques, including 
scanning electron microscopy (SEM), energy-dispersive x-ray 
spectroscopy (EDS), Fourier-transform infrared spectroscopy 
(FTIR), x-ray photoelectron spectroscopy (XPS), combustible 
elemental analysis, energy-dispersive x-ray fluorescence spec-
troscopy (ED-XRF), near-edge x-ray absorption fine struc-
ture (NEXAFS) spectroscopy, inductively coupled plasma 
optical emission spectroscopy (ICP-OES), Raman spec-
troscopy, photoluminescence measurements, and electrical 
resistivity measurements is available. More than one or two 
techniques are generally used to confirm the hydrogenation 
of graphene.35 Raman spectroscopy has been widely applied 
for the investigation of covalently functionalized graphene. It 
is very useful to understand structural and electronic prop-
erties of graphene/hydrogenated graphene, including layer 
numbers, stacking order, strain effect, and doping concentra-
tion.6,27,36,45,46,48 It has been utilized in characterizing hydroge-
nation of graphene.17,26,28,29,36,44,45,48,50 Two important peaks in 
the Raman spectra for carbon-based materials are the G and 
D peaks that lie around 1580 and 1350 cm−1, respectively. The 
G peak corresponds to optical E2g phonons at the Brillouin 
zone center, whereas the D peak is caused by breathing-like 
modes (corresponding to transverse optical phonons near the 
K point). Both the G and D peaks arise from vibrations of 
sp2-hybridized carbon atoms.26 It is worth mentioning that 
the D peak intensity provides a convenient measure for the 
amount of disorder in graphene.52,53 Its overtone, the 2D peak, 
appears around 2680 cm−1 and its shape identifies monolayer 
graphene.54 The 2D peak may even appear in the absence of 
any defects because it is the sum of two phonons with opposite 
momentum.

Figure 27.5 shows the changes in Raman spectra of gra-
phene caused by hydrogenation: (a) hydrogenation of graphene 
on SiO2 surface and (b) hydrogenation of freestanding gra-
phene.26 The D peak in hydrogenated graphene is observed at 
1342 cm−1 and is very sharp, as compared to that in disordered 
or nanostructured carbon-based materials. This sharp D peak 
was reasoned to the breaking of the translational symmetry 
of C─C sp2 bonds after the formation of C─H sp3 bonds in 
hydrogenated graphene. In Figure 27.5, the peak that appeared 
at ~1620 cm−1 corresponds to D′. After annealing, the Raman 
spectrum recovered to almost its original shape correspond-
ing to graphene. Other recent experimental studies have also 
confirmed the above-mentioned peaks for hydrogenated gra-
phene.36,46,50 It should be noted that the D peak could become 
up to three times greater than the G peak after prolonged expo-
sures of graphene to atomic hydrogen.26 Recently, Hirsch et al. 
have mentioned that highly hydrogenated graphene material 
exhibited two very broad bands between 1000 and 3000 cm−1 
covering the complete D, G, and 2D band regions.17 It should 
be noted that the D, G, and 2D bands of hydrogenated gra-
phene showed significant dependence on hydrogen coverage 
as well as on excitation energies. Thus, they provide valuable 
information on the structural and electronic properties of gra-
phene with increasing hydrogen coverage.36

Very recently, Eng et  al. have prepared highly hydroge-
nated graphene containing 5 wt.% of hydrogen by means of 
Birch reduction of graphite oxide using elemental sodium in 
liquid NH3 as electron donor and methanol as proton donor 
in the reduction.35 Schafer et al. have reported hydrogenation 
of graphene using a Birch-type reduction by the use of water 
as the hydrogen source. They have used IR spectroscopy in 
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FIGURE 27.4 (See color insert.) (a) Graphene on Au after controlled hydrogen exposure. The Moiré pattern with a corresponding lattice 
constant of 27 Å is also found in the fast Fourier transform (FFT) given in the inset. Bright spots are hydrogen adsorption sites (I = 0.2 nA, 
U = 50 mV, T = 20 K). (b and c) Atomically resolved topography images near hydrogen adsorption sites (I = 0.5 nA, U = 20 mV, T = 20 K). 
On the bright spots, the graphene lattice appears distorted. Dashed lines correspond to impurity shapes suggested by DFTB-based model 
calculations. (d) Sketch of double hydrogenation sites employed in the calculation. Calculated charge density distributions, where blue/red 
color shows a ± isosurface, for (e) a single C─H site and (f) a double C─H site in meta configuration describing the experimental topogra-
phies in (b) and (c), respectively. (g) High-resolution STM images of pristine and hydrogenated graphene. (Reprinted with permission from 
Scheffler, M. et al., Probing local hydrogen impurities in quasi-freestanding graphene. ACS Nano, 6, 10590–10597. Copyright 2012 American 
Chemical Society.)
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their recent study for the characterization of hydrogenated 
graphene samples. As shown in Figure 27.5c, two sharp 
bands at 3676 and 3566 cm−1 correspond to free hydroxyl and 
amino groups introduced in side reactions. The broad signal 
obtained at 2852 cm−1 is characteristic for C─H vibrations.17 
Eng et al. have confirmed the successful hydrogenation of gra-
phene by IR frequencies at 2850 and 2950 cm−1 corresponding 
to C─H stretching.35 XPS has also been used in the recent 

investigations of hydrogenated graphene.17,35,45 It should be 
noted that hydrogen cannot be detected by XPS. However, two 
differently bonded carbon atoms in the hydrogenated sample 
were identified. NEXAFS spectroscopy was used to charac-
terize the hydrogenation of SLG grown on Pt(111), Ir(111), and 
Ni(111) surfaces.55 The polyhydrogenated graphene (phG) was 
characterized by AFM. The presence of a band gap and the 
change in electronic properties induced by the high degree 
of functionalization explain the fluorescence observed for 
phG. Solid-state cross-polarization magic-angle spinning 
(CP-MAS) 13C nuclear magnetic resonance (NMR) spectros-
copy has also been used for the verification of  hydrogenated 
graphene. The 13C NMR peaks obtained at 130 and 44.3 ppm 
were assigned to the 13Csp2 atoms and Csp3H centers.17

The dehydrogenation of hydrogenated graphene layers 
starts at temperatures as low as 75−100°C and this process 
can be completed at 350°C with a long annealing duration. 
It is interesting to note that in case of hydrogenated graphene 
samples with low hydrogen coverage, when the samples are 
annealed with the temperature around 175−200°C, the resid-
ual defects cannot be thermally healed with an annealing tem-
perature below 200°C. Luo et al. revealed that there are two 
types of dehydrogenation mechanisms with dissimilar dehy-
drogenation barriers, which exhibit different dependencies on 
the number of graphene layers and the amount of hydrogen 
coverage.45 Computational study based on time-dependent 
DFT demonstrated the usefulness of short laser pulses for effi-
cient and selective hydrogen removal from the upper or lower 
side of graphane.56

27.4 ELECTRONIC TRANSPORT PROPERTIES

The quantum electronic transport in low-dimensional disor-
dered systems has been the subject of extensive studies for 
over several decades. Graphene is a zero band gap semimetal. 
However, hydrogenated graphene was proved to exhibit a 
semiconducting nature of strong temperature dependence 
(ΔR/ΔT < 0).26,28,29 Figure 27.6 shows the changes of  electronic 
properties of graphene by hydrogenation. The metallic depen-
dence close to the neutrality point (NP) (near zero gate volt-
age, Vg) below 50 K and the half-integer quantum Hall effect 
(QHE) at cryogenic temperatures (Figure 27.6b) are well-
known characteristics of SLG. Chemisorption of atomic 
hydrogen with graphene exhibited an insulating behavior such 
that the resistivity (ρ) grew by two orders of magnitude with 
decreasing temperature (T) from 300 to 4 K. The quantum 
Hall plateaus, which were observed in the original graphene 
system, completely disappeared, with only weak signatures of 
Shubnikov–de-Haas oscillations remaining in magnetic field 
B of 14 T (Figure 27.6d). Vacancies induced by plasma damage 
or residual oxygen during annealing could be the reasons for 
the shift and change of peaks given in Figure 27.6f compared 
with Figure 27.6b. Low-temperature measurements revealed 
that the transport enters a variable range hopping regime in 
the heavily hydrogenated samples, but the full description of 
this transition is still lacking.26
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phene. Angew. Chem. Int. Ed. 2013. 52. 754–757. Copyright Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)
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Matis et  al. have reported the n-type nature of hydroge-
nated graphene on a SiO2 substrate as well as the first dem-
onstration of the complete reversibility of the majority carrier 
type using surface adsorbates (e.g., water).28 They indicated 
that hydrogenation of graphene induced a band gap by 
 temperature-dependent electronic transport measurements. 
Moreover, the band gap reached a maximum value at the 
charge neutrality point (CNP) in the moderate temperature 
region of 220−375 K. It could be altered by an electric field 

effect and influenced by hydrogen coverage with graphene. 
Hydrogenated graphene material is increasingly n-type for 
increasing levels of hydrogenation. Although the hydroge-
nated film was shown to behave as n-type material, the incor-
poration of water physisorbed on the surface changed the 
material to p-type (Figure 27.6g). The adsorbed water mol-
ecule is a known electron donor.28

It is important to gain knowledge on the role of different 
H coverage of graphene on electronic transport and to be able 
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to control this process. Sessi et al. pointed out that individ-
ual hydrogen adsorption sites can have a dramatic effect on 
the electronic properties of graphene.30 Depending on the H 
coverage, one can alter the transport properties of graphene 
from metallic to semiconducting and ultimately to an insulat-
ing state by full hydrogenation of graphene (graphane).26,29,57 
Wojtaszek et al. have measured the electronic transport for the 
hydrogenation of SLG and BLG. BLG exhibited a monotonic 
increase of resistivity with increasing Ar/H2 plasma exposure 
time, whereas for SLG, a nonmonotonic change in resistivity 
was observed, suggesting a change in the transport mecha-
nism for exposure time more than 30 min.27

The formation of midgap states is a consequence of hydro-
gen chemisorption with graphene. For PHG, the temperature- 
dependent transport in the midgap states shows a weak 
insulating behavior.50 In agreement with the theoretical esti-
mates on short-range scattering,58 the experimental results of 
the conductivity of PHG showed close to linear dependence 
on carrier density away from the NP.50 Jaiswal et al. observed 
similar changes in electronic properties of graphene sheet 
and parallel GNRs upon chemisorption of hydrogen atoms.50 
Previous investigations on heavily hydrogenated monolayer 

graphene have demonstrated the suppression of magnetocon-
ductance oscillations.26 Jaiswal et al. have also examined the 
transport properties of PHG under a magnetic field. Both par-
allel GNRs and bulk graphene exhibited comparable modula-
tion of transport properties upon hydrogenation. In principle, 
it may be possible to tune the electronic state of the system 
from an insulator to a quantum Hall conductor using magnetic 
field-induced delocalization by precisely controlling the frac-
tion of hydrogenated sites and a very high magnetic field.50

27.5  THEORETICAL STUDIES OF 
HYDROGENATED GRAPHENE

27.5.1 StruCtureS and bindinG enerGieS

Bulat et al. examined the relative reactivities of different sites 
of two model graphene systems, namely, coronene (C24H12) 
and circumcoronene (C54H18) by low hydrogen as well as 
fluorine chemisorption (Figure 27.7a and b).59 They utilized 
DFT at B3LYP/6-311G(d,p) level for computing the reaction 
energies for addition reactions and to verify the prediction of 
reactivity based on the average local ionization energy, I rS( ). 
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Their detailed computational study reveals that the edges of 
graphene sheets are more reactive than the interior portions. 
In case of addition of two hydrogen or fluorine atoms, the 
ortho products are the most stable and the meta products are 
the least stable. It should be noted that the para addition is 
sometimes competitive with or even greater than the ortho 
addition.59

Hydrogenation of the freestanding graphene and the gra-
phene on Ni and Pt metal surfaces was studied using the 
DFT method.60 The widely used meta-generalized gradient 
approximation (MGGA) functional of M06-L was employed 
for the calculations and the results obtained using M06-L and 
Perdew–Burke–Ernzerhof (PBE)61 functionals were com-
pared. The influence of metal surface on the hydrogen che-
misorption of graphene was examined by focusing on mono 
H addition, positional preference for ortho, meta, and para 
additions of two H atoms. The comparison of the results 
obtained with the M06-L and PBE functionals suggested the 
importance of using a functional that is capable of accurately 
describing the graphene–metal interactions. The PBE func-
tional produced significant error at low H coverage and for 
the case of a strongly interacting Ni substrate. For graphene 
on a Ni surface, the binding energies per H atom are almost 
constant with increasing H coverage. However, in case of 
graphene on a Pt surface, the binding energies per H atom 
increase with increasing H coverage (see Figure 27.7d).60

DFT calculations with PW91/DNP (implemented in the 
DMol3 program)62,63 were used to understand the electronic 
structures of hydrogenated graphene with different con-
figurations.64 DNP is nothing but double numerical basis, 
including d- and p-polarization function. Fully hydrogenated 
graphene (graphane) on two sides in the chair-like configura-
tion only was considered because of the following two rea-
sons: (1) the chair-like configuration is more stable than the 
boat-like configuration and (2) the chair-like graphane pos-
sesses higher symmetry than the boat-like configuration and 
is able to remove adjacent H atoms in pairs on two sides of 
the sheet. A large orthogonal supercell (12 × 10 rectangular 
unit cells) containing 240 carbon atoms and 240 hydrogen 
atoms (C240H240) was used in that study. PHG (or dehydroge-
nated graphane) configurations were constructed by remov-
ing hydrogen atoms from a perfect graphane. Although there 
are other ways of generating PHG configurations, three types 
were considered by Gao et al.: (1) randomly removing H pairs 
from fully hydrogenated graphene, (2) randomly removing 
individual H atoms from fully hydrogenated graphene, and 
(3) creating paired H vacancies according to some ordered 
pattern.64

Gao et  al. considered a series of hydrogenated graphene 
with H coverage of 95.8%, 91.7%, 87.5%, 83.3%, 79.2%, 
75%, 70.8%, and 66.7%, corresponding to C240H230, C240H220, 
C240H210, C240H200, C240H190, C240H180, C240H170, and C240H160 
in the supercell model. They also considered systems with H 
coverage of 62.5% (C240H150), 50% (C240H120), 37.5% (C240H90), 
25% (C240H60), and 12.5% (C240H30). Figure 27.8 depicts the 
representative structures of PHG, the graph of hydrogen 
binding energies as the function of H coverage, and the plot 

showing the changes of energy gap of hydrogenated graphene 
as a function of H coverage.64 The stability of hydrogenated 
graphene as a function of H coverage was described by the 
binding energy Eb of hydrogen atoms, which is defined as

 
Eb

graphene H PHG( )
( )

n
E nE E

n
=

+ −

 
(27.1)

where Egraphene and EPHG are the total energies of the pristine 
graphene and the PHG adsorbed with n hydrogen atoms, 
respectively, and EH is the total energy of an isolated H atom.64 
The computed binding energy of the perfect graphane is 
2.59 eV/H, which is close to a theoretical value of 2.54 eV/H 
at PBE/6-31G** level using the Gaussian 03 program. For 
PHG with both kinds of H vacancies (paired or unpaired), 
the hydrogen binding energy was shown to decrease as the H 
coverage decreased. The paired vacancies are energetically 
more favorable than unpaired H vacancies at the same H 
coverage (Figure 27.8f). The hydrogen binding energy of the 
hydrogenated graphene is higher than that of the H2 molecule 
for the hydrogen coverage range of 66.7%–100%. The com-
putational study concluded that the formation of PHG with 
sufficiently high H coverage from gaseous H2 molecules and 
graphene is exothermic.64 The presence of physisorbed polar 
hydride molecules, such as H2O, HF, and NH3 that work as a 
shuttling catalyst greatly assists for the facile hydrogenation 
of graphene.65

27.5.2 band Gap and nmr ChemiCal ShiFtS

Karlický et al. collected and listed from the literature the band 
gap values for graphane and fluorographene at different com-
putational levels using a range of software. The band gap val-
ues were computed using LDA, PBE, BPW91, BLYP, TPSS, 
M06-L, and HSE06 functionals in conjunction with various 
basis sets (Pople’s double-ζ and triple-ζ, as well as Dunning’s 
correlation consistent basis sets). The results obtained using 
different levels were compared with those of the projector aug-
mented waves method with plane-wave basis sets implemented 
in the Vienna ab initio simulation package (VASP).66 The 
band gap values of 5.4 eV for the stable chair configuration 
and 4.9 eV for the metastable boat configuration were reported 
using GW approximation (GWA) of Hedin.67 The approxi-
mation is the expansion of the self-energy Σ in terms of the 
single particle Green’s function G and the screened Coulomb 
interaction W. The computed value for the chair configuration 
of graphane (5.4 eV) is comparable to that of diamond crystal 
with full sp3 hybridization (5.48 eV). However, the calculations 
using generalized gradient approximation (GGA) yielded the 
value of 4.66 eV for the perfect graphane. Appropriate pair-
wise dehydrogenation of graphane changes insulating gra-
phane to a semiconductor. Gao et al. mentioned that paired H 
vacancies are necessary to achieve a clean band gap without 
midstates in the PHG. GGA calculations showed the reduc-
tion of band gap of 4.66 eV for a fully hydrogenated graphene 
to zero for the PHG with 66.7% H coverage (Figure 27.8g).64 
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Nelson and Prezhdo demonstrated that hydroxylation lowers 
the band gap of graphene. However, the band gap of graphene 
was shown to be increased by epoxidation.68

The variation of the HOMO–LUMO energy gap for finite 
graphene (Gn), graphane (HGn), and fluorographene (FGn) 
models is presented in Figure 27.9.69 The HOMO–LUMO 
energy gap decreases with increasing the number of concentric 
hexagons for the model graphene-based systems. However, it 
does not converge to the periodic situation. Graphane shows 
a higher HOMO–LUMO energy gap than fluorographene, 
which has a considerably higher HOMO–LUMO gap than 
graphene. Although several instrumental techniques have 
been used, NMR characterization of graphene and chemically 
modified graphene systems (by covalent functionalization) has 
so far received much less attention. Through quantum chemi-
cal calculations, Vaara et  al. have recently predicted NMR 
chemical shifts and shielding anisotropies as well as spin–
spin couplings and anisotropies for graphene, graphane, and 
fluorographene. The three different model systems (graphene, 
graphane, and fluorographene) have been characterized with 
distinct 13C, 1H, and 19F NMR chemical shifts (Figure 27.9).69

27.5.3 maGnetiC propertieS

It is known that both graphene and graphane sheets are 
 nonmagnetic (NM). Hydrogen addition or functionalization 
can induce magnetism in NM materials and can also change 
the magnetic configuration in some magnetic materials.32–35 
Using DFT with GGA for exchange and correlation energy, 
Zhou et al. showed that semihydrogenated graphene is a fer-
romagnetic (FM) semiconductor.34 In their study, PBE func-
tional for the GGA as implemented in VASP was used for 
calculations. The FM behavior of semihydrogenated graphene 
was explained by the presence of localized and unpaired 
electrons, which were generated by breaking of the delocal-
ized π bonding network of graphene in the process of half- 
hydrogenation, in the unhydrogenated carbon atoms. The 
magnetic moments at the unhydrogenated carbon sites cou-
pled ferromagnetically with an estimated Curie temperature 
between 278 and 417 K, giving rise to an infinite magnetic 
sheet with structural integrity and magnetic homogeneity. 
Figure 27.10 shows three magnetic configurations: (1) FM 
coupling, (2) antiferromagnetic (AF) coupling, and (3) (NM 
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state, where the calculation is spin unpolarized. The ground 
state of semihydrogenated graphene was found to be FM, 
which lies 0.15 and 0.49 eV lower in energy than that of the 
AF and NM states, respectively. Figure 27.10d and e shows 
the spin density plots with distribution of spins on semihy-
drogenated graphene.34 Graphene functionalized with oxygen 
atoms on one side and hydrogen atoms on the other side in the 
chair configuration was found to be an FM metal.33

Using a spin-polarized DFT method within the GGA, the 
PBE functional61 implemented in the Dmol3 package,62,63 

Zeng and coworkers demonstrated that the magnetic moment 
and band gap of graphene can be tuned by selective hydroge-
nation.70 Figure 27.10 also shows the spin density distribution 
on selectively hydrogenated graphene and the dependence of 
the average magnetic moment per carbon atom at the edges on 
the side length of carbon triangles n (for m = 1). The PBE func-
tional61 implemented in the CASTEP program71 in Material 
Studio 4.1 package was used to compute optical absorption 
spectra of selectively hydrogenated graphene. The results of 
optical absorption spectra revealed that the side length of 
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uncoated carbon triangles can be controlled to adjust optical 
absorption properties of the quantum-dot array.70

27.5.4 meChaniCal propertieS

The mechanical properties of hydrogen-functionalized gra-
phene have been investigated using quantum-mechanochem-
ical reaction-coordinate (QMRC) simulations.72 The QMRC 
approach, which is implemented in DYQUAMECH soft-
ware,73 was used to understand the origin of the mechanical 
anisotropy of graphene and making allowance for tracing a 
deformation-stimulated change in the chemical reactivity of 
both nanographene body and its individual atoms. Figure 27.11 
shows the graphane and graphene that were considered for 
investigation of mechanical properties, and the stress–strain 
relationships for these systems. As shown in Figure 27.11a, 
the two sets distinguish two deformational modes that cor-
respond to tensile deformation applied to armchair and zigzag 
edges of the sheets; these are called ac and zz modes. The 
hydrogenation effectively suppresses the tricotage-like pat-
tern of the graphene deformation and failure. It is imperative 
to know that hydrogenation has a significant influence on the 
mechanical properties. Popova and Sheka demonstrated that 
the graphane deformation is mainly nonelastic, once rubbery 
high-elastic at the very beginning and plastic after reaching 

4% (ac) and 2% (zz) strain. Young’s modulus (elastic param-
eter) is an important characteristic in studying mechanical 
properties. The reported values of Young’s moduli for (5,5) 
nanographene are 1.09 (ac mode) and 1.15 (zz mode) TPa. 
These values are significantly lowered (45%–55% reduction) 
by hydrogenation. QMRC simulations concluded that the ten-
sile strength, fracture strain, and Young’s modulus are sensi-
tive to the hydrogenation of graphene.72

Peng et al. investigated the mechanical properties of gra-
phene using DFT calculations that were performed with 
VASP.40 The stress–strain relationships were obtained by 
simulations carried out following three deformation modes: 
uniaxial strain in the zigzag direction (zigzag), uniaxial 
strain in the armchair direction (armchair), and equibiax-
ial strain (biaxial). Strain energy per atom was defined as 
Es = (Etot − E0)/n, where Etot is the total energy of the strained 
system, E0 is the total energy of the strain-free system, and 
n is the number of atoms in the unit cell. Figure 27.11 shows 
the plot of Es of graphane as a function of strain in uniaxial 
armchair (armchair), uniaxial zigzag (zigzag), and equibiaxial 
(biaxial) deformation. Es is seen to be anisotropic with strain 
direction. Furthermore, Es is nonsymmetrical for compression 
(η < 0) and tension (η > 0) for all three modes. Such nonsym-
metry indicates the anharmonicity of the graphane structures. 
Peng et  al. pointed out that the calculated Poisson ratio of 
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graphane is 0.078, which is about half of the corresponding 
value for graphene. Moreover, the value of 0.078 is the small-
est among the discovered monolayer honeycomb structures.40 
Elastic properties of hydrogenated graphene were explored by 
Colombo et al. using DFT calculations with the QUANTUM 
ESPRESSO package. Among the three configurations of 
graphane (chair-, boat-, or washboard-graphane), the chair- 
graphane exhibited both softening and hardening hyperelas-
ticity, depending on the direction of the applied load.74

27.5.5  CharGe tranSFer, vibrational 
propertieS, and SpeCiFiC heat

Graphane shows a moderate charge transfer from hydrogen 
to carbon (of the same order of magnitude as other hydro-
carbons). Mulliken population analysis revealed a transfer of 
about 0.2 electronic charge in both chair and boat configura-
tions. The highest frequency modes, corresponding to C─H 
bond stretching, occur at 3026 cm−1 for the boat configuration 
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and at 2919 cm−1 for the chair. The frequency is higher for 
the boat configuration due to the interaction between nearby 
hydrogen atoms on the same side of the plane. These C─H 
stretching modes are infrared active and should be useful in 
characterizing this compound.39 The electronic and optical 
properties of a PHG (C4H-type) were investigated by means 
of the first-principles many-body Green’s function method. 
Strong charge-transfer excitonic effects were found to domi-
nate the optical response of C4H, giving rise to bound exci-
tons. It was concluded that the PHG (C4H-type) could be a 
promising candidate for the realization of the Bose–Einstein 
condensation because of the well-defined binding energy, lon-
ger lifetimes, and spatial separation of excitons.75

Peelaers et  al. studied the vibrational properties of gra-
phene fluoride and graphane using ab initio calculations with 
the ABINIT code. Experimental data of Raman peaks corre-
sponding to fully hydrogenated and fully fluorinated graphene 
were confirmed by the ab initio calculations. The specific heat 
of graphane was shown to be larger than the one for fully 
fluorinated graphene at high temperature.76 State-of-the-art 
nonadiabatic molecular dynamics (MD) combined with a 
time-dependent DFT study predicted that pure graphane has 
a very long nonradiative decay time (in the order of 100 ns). 
The electron coupling to the 1200 cm−1 vibrational mode was 
revealed to govern the nonradiative decay and luminescence 
line width of pure graphane.68

27.5.6 hydroGenation oF bilayer Graphene

BLG has received a great deal of attention recently. Samarakoon 
and Wang used DFT calculations to understand the electronic 
structural characteristics of fully and half (semi) hydrogenated 
chair and boat configurations of BLG (Figure 27.12a) under a 
perpendicular electric bias.77 Spin-polarized DFT with local 
density approximation (LDA) for exchange-correlation poten-
tial was utilized in their investigation. It is worth mentioning 
that the LDA approach is expected to provide qualitatively 
correct pictures and this technique remains the popular choice 
for investigations of electric field effects. GGA leads to weak 
bonding between graphene layers and yields excessively large 
values of bilayer distance. Therefore, LDA was suggested to 
be better than GGA. Similar to single layer fully hydroge-
nated graphene, the chair configuration was reported to be the 
lowest energy configuration for fully hydrogenated BLG (see 
the data in Table 27.4).77

Samarakoon and Wang indicated that the band gap can be 
tuned and it is possible to change the semiconducting state 
to metallic by adjusting the bias voltage applied between the 
two hydrogenated graphene layers. The band gap decreases 
monotonically from 3.24 to 0 eV with increase of electric 
bias and the critical bias for the semiconducting to metallic 
transition is estimated to be 1.05 V/Å. As shown in Figure 
27.12b, the charge density distributions are symmetrical in 
both conduction and valence bands in the absence of electric 
bias but the application of an electric bias induced charge 
accumulation and depletion in the conduction and valence 
bands, respectively. Desorption of hydrogen atoms from one 

layer of bilayer graphane in the chair configuration was dem-
onstrated to produce an FM semiconductor with a tunable 
band gap. The semihydrogenated graphene of the chair con-
figuration is an indirect band gap semiconductor with a small 
band gap and it is very different from graphene and graphane. 
The dependence of the spin-polarized bands of semihydroge-
nated BLG with positive and negative bias is shown in Figure 
27.12c.77 Santos used first-principles electronic structure 
calculations to obtain knowledge on the magnetic moment 
induced by H atoms chemisorbed on the top layer of a few-
layer (monolayer up to quadrilayer) graphene system and on 
how to tune the magnetic moment by the external electric 
field.78

27.6  HIGHLIGHTS OF RECENT CRITICAL 
STUDIES RELATED TO GRAPHANE 
NANOSYSTEMS

Unzipping of SWCNTs by hydrogenation has been recently 
proposed as a possible road to preparation of graphane 
nanoribbons.43 The transport and magnetic properties of 
hydrogenated and other functionalized GNRs were studied 
using extensive first-principles calculations based on DFT.79 
Computational investigation based on the DFT method con-
cluded that the band gaps of GNRs decreased monotonically 
with an increase of ribbon width and were shown to be insensi-
tive to the edge structure.41 Theoretical study on the transport 
properties of different sizes of hydrogenated graphene and 
GNRs has been reported recently, giving importance to the 
conductance fluctuation behavior in the localized regime.80 
Leon and Pacheco investigated, using first-principles calcula-
tions, the electronic and dynamical properties of a molecu-
lar wire consisting of molecules with structures of graphane 
and with a GNR. Their study focused on understanding the 
behavior of the molecular wire, transmitting binary informa-
tion without electric current.81 The electronic and magnetic 
properties of graphene nanoflakes (GNFs) were studied by 
controlling the hydrogen chemisorption on GNFs.82

Using DFT computations, Li and Chen explored the struc-
tural and electronic properties of the experimentally known 
2D) patterned PHG with formula C4H, one-dimensional (1D) 
C4H nanotubes, and quasi-1D nanoribbons.83 The structure of 
the 2D layer has a wide band gap and similarly, all explored 
nanotube structures exhibit a wide band gap regardless of 
the tube diameter and chirality. However, quasi-1D GNRs 
were predicted to be either of metallic or semiconducting 
nature depending on the chirality and edge configuration.83 
Wen et  al. have computationally explored the stability and 
band gap of graphane nanotubes of both zigzag and armchair 
types. They revealed that the band gap increases on reduc-
ing the diameter of the graphane nanotubes.84 The narrow 
GNRs could be readily obtained from wide GNRs by par-
tial hydrogenation as reported based on the spin-polarized 
DFT calculations.85 Since many potential applications of 
graphane and graphane-based systems require interaction 
with aqueous media, Vanzo et al. investigated, by means of 
large-scale MD simulations, the wettability of graphane and 
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functionalized graphane by alkyl groups of increasing chain 
lengths.86 Previous important studies related to graphane 
nanosystems are listed in Table 27.5.

Information regarding theoretical and experimental stud-
ies on fluorinated graphene can be obtained from recent 
reviews.5,15 Hu et  al. have investigated the structural stabil-
ity, and the electronic and magnetic properties of fluorinated 
BLG.87 It is not our goal to provide details about fluorinated 
BLG. However, we would like to highlight one particular 
characteristic—the structural stability. The chair configura-
tion is found to be energetically more stable than the boat 
form for the fully fluorinated BLG whereas two different con-
figurations were reported to be energetically favored for the 
half fluorinated BLG.87 Sivek et al. investigated, using DFT 
calculations, the stability and electronic properties of fluori-
nated BLG (bilayer fluorographene) and compared the results 
obtained for bilayer graphane. Bilayer fluorographene was 
found to be more stable than bilayer graphane and is almost 
as strong as graphene.88
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TABLE 27.4
Calculated Binding Energy per Carbon Atom (eb), Band 
Gap (eg), and the Interlayer Bond Length (l) for Chair 
and Boat Configurations of Fully Hydrogenated and 
Semihydrogenated Graphene

Structure eb (eV) eg (eV) l (Å)

Fully hydrogenated chair −12.00 3.24 1.54

Fully hydrogenated boat −11.93 2.92 1.54

Semihydrogenated chair −10.55 0.54 1.65

Semihydrogenated boat I −10.79 2.35 1.63

Semihydrogenated boat II −10.85 0.50 3.26

Source: Reprinted with permission from Samarakoon, D. K. and Wang, 
X.-Q. Tunable band gap in hydrogenated bilayer graphene. ACS 
Nano, 4, 4126–4130. Copyright 2010 American Chemical Society.

Note: Labels I and II refer to boat configurations with and without interlayer 
bonding, respectively.
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27.7 POTENTIAL APPLICATIONS

The unique mechanical properties of graphane will facili-
tate high-speed charge and discharge of hydrogen atoms. 
Therefore, the graphane–graphene systems could be used 
to build advanced high speed and efficient hydrogen storage 
devices.40 Sofo et al. predicted that the volumetric hydrogen 
capacity of 0.12 kg H2/L is higher than the DOE target of 
0.081 kg H2/L for the year 2015. Furthermore, the gravimet-
ric capacity of 7.7 wt.% hydrogen is higher than the 6 wt.% 
hydrogen of DOE target for 2010.39 Therefore, an important 
potential application of graphane is as a source of hydrogen 
fuel. Boukhvalov et  al. reported values of 0.53 eV (25.5 kJ/
mol) and 0.42 eV (20.3 kJ/mol) correspondingly for the che-
misorption energy per hydrogen atom for a single hydrogen 
pair and for fully hydrogenated graphene.31 The latter value 
is close to the experimental result of 19.6 kJ/mol for hydro-
genated nanotubes.89 It should be highlighted that the above-
mentioned values appear to be quite reasonable in view of 
potential applications of graphene for hydrogen storage.31 
Also, alkali metal–graphane complexes were investigated for 
their potential of hydrogen storage.90,91 Recent computational 
investigations using state-of-the-art first-principles DFT and 
MD simulations have revealed that a reasonably high H2 stor-
age capacity of 12.12 wt.% could be obtained with 25% of Li 
doping on a graphane sheet. The adsorption energies of H2 on 
lithium-functionalized graphane were found to be within the 
ideal range of 0.15–0.20 eV. Therefore, lithium-functional-
ized graphane could be suitable for practical hydrogen storage 
applications.91 Polylithiated (OLi2) functionalized graphane 
is expected to be a fascinating material for high-capacity H2 
storage (~12.90 wt.%) based on first-principles calculations.92

The tunable gaps between mid-ultraviolet and near- infrared 
regions (ca. 0.5–5 eV) in hydrogenated graphene may lead 
to potential applications in future electronics and photonics 
(e.g., solar cells).64 Certain partially hydrogenated GNRs with 

a band gap around 1.5 eV were predicted to be ideal materi-
als for solar cell absorbers due to the high carrier mobility.85 
Graphane nanoribbons are anticipated to have promising appli-
cations in optics and opto-electronics due to the wide band 
gap.93 The holes formed by the H vacancies on the graphane 
surface provide ideal doping sites, which may lead to novel 
graphene-based semiconductors with n-type doping (deposited 
with alkali metals or alkaline-earth metals) or spin injection 
(deposited with magnetic transition metals).64,93 Functionalized 
graphene and transition-metal-atom-embedded graphane are 
expected to be promising materials for high-performance 2D 
spintronic devices.33,78,94 Graphane and its derivatives have the 
potential to replace conventional semiconductors in electronics, 
catalysis, and energy applications, greatly reducing device size 
and power consumption. The chemically patterned (by hydro-
genation of) graphene can be viewed as an array of semicon-
ducting quantum dots, where the hydrogenated carbon stripes 
play the role of quantum confinement. Hydrogenated graphene-
based quantum dots may be used in light-emitting devices.

Computational study indicated that graphanes could be 
excellent candidates for semiconductor applications compared 
to carbon nanotubes and nanoribbons.68 Graphene nanostruc-
tures could form efficient molecular wires.81 Since graphane 
has a small Poisson ratio, it is predicted to be a good candidate 
to build tubes or pipelines that can transfer materials with high 
speed by applying high pressure. The nanotubes made with 
graphane will be very stable under working conditions due to 
the negative coupling between the Poisson ratio and applied 
stress.40 The graphane bilayer has an interesting feature of tun-
able band gap, which paves the way for new electronic devices, 
from lasers that change color to electronic circuits that can 
rearrange themselves. It may also be useful to develop an FM 
semiconductor by removal of hydrogen from one layer.77

27.8 SUMMARY

Different possible conformers of graphane (fully hydroge-
nated graphene), their preparation, characterization, and 
electronic, magnetic, and mechanical properties are covered 
in this chapter. Two-dimensional hydrocarbon derivative of 
graphene (graphane) is experimentally known. Chair and 
boat configurations of fused cyclohexane rings were pre-
dicted to be energetically favorable for graphane. Advanced 
experimental techniques were employed to produce partially 
and fully hydrogenated graphene. Two important techniques 
are atomic hydrogen beam and exposure to hydrogen-based 
plasmas. Other techniques for preparation of hydrogenated 
graphene include e-beam lithography and Birch-type reduc-
tion. Hydrogenation of graphene on different surfaces as well 
as on multilayer graphene has been reported experimentally. 
Raman spectroscopy has been mainly used besides SEM, 
XPS, STM, STS, etc. for characterization of hydrogenated 
graphene. Experimental evidence for ortho and para addi-
tion of two hydrogen atoms for low H coverage on graphene, 
and controlled hydrogenation of graphene are available in the 
literature.

TABLE 27.5
 Previous Important Studies Related to Graphane 
Nanosystems

Sl. No. Content References

1 Preparation of graphane nanoribbons from 
SWCNTs

43

2 Transport and magnetic properties of 
hydrogenated GNRs

79,80

3 DFT study of the band gaps of graphane 
nanoribbons

41

4 Molecular wires consisting of graphane and GNR 81

5 Electronic and magnetic properties of GNFs 82

6 Electronic properties of graphane nanoribbons 83

7 Stability and band gap of graphane nanotubes 84

8 Molecular dynamics simulations on the 
wettability of graphane

86

9 Different properties of fluorinated bilayer 
graphene

87
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Graphene is a zero band gap semimetal but the hydrogena-
tion induces the band gap. We have highlighted how to tune 
the transport properties of graphene by varying the H cover-
age, and the temperature dependence of the electronic trans-
port properties of hydrogenated graphene. We have discussed 
different theoretical methods employed to study the reactiv-
ity of graphene for hydrogenation (low coverage), stability of 
partially and fully hydrogenated graphene, and variation of 
band gap by changing the hydrogen coverage. Computational 
Raman, IR, and NMR spectroscopy data are provided. 
Hydrogen addition to graphene induces magnetism and the 
semihydrogenated graphene was reported to be FM. The ten-
sile strength, fracture strain, and Young’s modulus were dem-
onstrated to be sensitive to the functionalization of graphene 
by hydrogen atoms. Recent studies of experimentally realized 
fluorographene and PHG (C4H) are specifically mentioned 
along with hydrogenated BLG, bilayer fluorographene, and 
hydrogenated nanotubes. Finally, we have revealed the poten-
tial applications of hydrogenated graphene.
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S., Sofer, Z., and Pumera, M. Searching for magnetism in 
hydrogenated graphene: Using highly hydrogenated graphene 
prepared via birch reduction of graphite oxides. ACS Nano 
2013, 7, 5930–5939.

 36. Luo, Z., Yu, T., Ni, Z., Lim, S., Hu, H., Shang, J., Liu, L., Shen, 
Z., and Lin, J. Electronic structures and structural evolution 
of hydrogenated graphene probed by Raman spectroscopy. 
J. Phys. Chem. C 2011, 115, 1422–1427.

 37. Guisinger, N. P., Rutter, G. M., Crain, J. N., First, P. N., and 
Stroscio, J. A. Exposure of epitaxial graphene on SiC(0001) to 
atomic hydrogen. Nano Lett. 2009, 9, 1462–1466.

 38. Chng, E. L. K., Sofer, Z., and Pumera, M. Cytotoxicity pro-
file of highly hydrogenated graphene. Chem. Eur. J. 2014, 20, 
6366–6373.

 39. Sofo, J. O., Chaudhari, A. S., and Barber, G. D. Graphane: 
A two-dimensional hydrocarbon. Phys. Rev. B 2007, 75, 
153401.

 40. Peng, Q., Liang, C., Ji, W., and De, S. A theoretical analysis 
of the effect of the hydrogenation of graphene to graphane on 
its mechanical properties. Phys. Chem. Chem. Phys. 2013, 15, 
2003–2011.

 41. Samarakoon, D. K. and Wang, X.-Q. Chair and twist-boat 
membranes in hydrogenated graphene. ACS Nano 2009, 3, 
4017–4022.

 42. Wen, X.-D., Hand, L., Labet, V., Yang, T., Hoffmann, R., 
Ashcroft, N. W., Oganov, A. R., and Lyakhov, A. O. Graphane 
sheets and crystals under pressure. Proc. Natl. Acad. Sci. 
U.S.A. 2011, 108, 6833–6837.

 43. Talyzin, A. V., Luzan, S., Anoshkin, I. V., Nasibulin, A. G., 
Jiang, H., Kauppinen, E. I., Mikoushkin, V. M., Shnitov, V. V., 
Marchenko, D. E., and Noréus, D. Hydrogenation, purifica-
tion, and unzipping of carbon nanotubes by reaction with 
molecular hydrogen: Road to graphane nanoribbons. ACS 
Nano 2011, 5, 5132–5140.

 44. Jones, J. D., Mahajan, K. K., Williams, W. H., Ecton, P. A., 
Mo, Y., and Perez, J. M. Formation of graphane and partially 
hydrogenated graphene by electron irradiation of adsorbates 
on graphene. Carbon 2010, 48, 2335–2340.

 45. Luo, Z., Yu, T., Kim, K.-J., Ni, Z., You, Y., Lim, S., Shen, Z., 
Wang, S., and Lin, J. Thickness-dependent reversible hydroge-
nation of graphene layers. ACS Nano 2009, 3, 1781–1788.

 46. Jones, J. D., Hoffmann, W. D., Jesseph, A. V., Morris, C. 
J., Verbeck, G. F., and Perez, J. M. On the mechanism for 
plasma hydrogenation of graphene. Appl. Phys. Lett. 2010, 97, 
233104-1–233104-4.

 47. Ryu, S., Han, M. Y., Maultzsch, J., Heinz, T. F., Kim, P., 
Steigerwald, M. L., and Brus, L. E. Reversible basal plane 
hydrogenation of graphene. Nano Lett. 2008, 8, 4597–4602.

 48. Byun, I.-S., Yoon, D., Choi, J. S., Hwang, I., Lee, D. H., Lee, 
M. J., Kawai, T. et al. Nanoscale lithography on monolayer 
graphene using hydrogenation and oxidation. ACS Nano 2011, 
5, 6417–6424.

 49. Balog, R., Jørgensen, B., Wells, J., Lægsgaard, E., Hofmann, 
P., Besenbacher, F., and Hornekær, L. Atomic hydrogen adsor-
bate structures on graphene. J. Am. Chem. Soc. 2009, 131, 
8744–8745.

 50. Jaiswal, M., Lim, C. H. Y. X., Bao, Q., Toh, C. T., Loh, K. 
P., and Özyilmaz, B. Controlled hydrogenation of graphene 
sheets and nanoribbons. ACS Nano 2011, 5, 888–896.

 51. Scheffler, M., Haberer, D., Petaccia, L., Farjam, M., Schlegel, 
R., Baumann, D., Hänke, T. et al. Probing local hydrogen 
impurities in quasi-free-standing graphene. ACS Nano 2012, 
6, 10590–10597.

 52. Ferrari, A. C. Raman spectroscopy of graphene and graphite: 
Disorder, electron–phonon coupling, doping and nonadiabatic 
effects. Solid State Commun. 2007, 143, 47–57.

 53. Ferrari, A. C. and Robertson, J. Interpretation of Raman spec-
tra of disordered and amorphous carbon. Phys. Rev. B 2000, 
61, 14095–14107.

 54. Ferrari, A. C., Meyer, J. C., Scardaci, V., Casiraghi, C., 
Lazzeri, M., Mauri, F., Piscanec, S. et al. Raman spectrum 
of graphene and graphene layers. Phys. Rev. Lett. 2006, 97, 
187401-1–187401-4.

 55. Ng, M. L., Balog, R., Hornekær, L., Preobrajenski, A.  B., 
Vinogradov, N. A., Mårtensson, N., and Schulte, K. Controlling 
hydrogenation of graphene on transition metals. J. Phys. 
Chem. C 2010, 114, 18559–18565.

 56. Zhang, H., Miyamoto, Y., and Rubio, A. Laser-induced pref-
erential dehydrogenation of graphane. Phys. Rev. B 2012, 85, 
201409-1–201409-4.

 57. Balog, R., Jørgensen, B., Nilsson, L., Andersen, M., Rienks, 
E., Bianchi, M., Fanetti, M. et  al. Bandgap opening in gra-
phene induced by patterned hydrogen adsorption. Nat. Mater. 
2010, 9, 315–319.

 58. Kłos, J. W. and Zozoulenko, I. V. Effect of short- and long-
range scattering on the conductivity of graphene: Boltzmann 
approach vs tight-binding calculations. Phys. Rev. B 2010, 82, 
081414(R).

 59. Bulat, F. A., Burgess, J. S., Matis, B. R., Baldwin, J. W., 
Macaveiu, L., Murray, J. S., and Politzer, P. Hydrogenation and 
fluorination of graphene models: Analysis via the average local 
ionization energy. J. Phys. Chem. A 2012, 116, 8644–8652.



450 Graphene Science Handbook

 60. Andersen, M., Hornekær, L., and Hammer, B. Graphene on 
metal surfaces and its hydrogen adsorption: A meta-GGA 
functional study. Phys. Rev. B 2012, 86, 085405-1–085405-6.

 61. Perdew, J. P., Burke, K., and Ernzerhof, M. Generalized gra-
dient approximation made simple. Phys. Rev. Lett. 1996, 77, 
3865–3868.

 62. Delley, B. An all-electron numerical method for solving the 
local density functional for polyatomic molecules J. Chem. 
Phys. 1992, 92, 508–517.

 63. Delley, B. From molecules to solids with the DMol3 approach. 
J. Chem. Phys. 2000, 113, 7756–7764.

 64. Gao, H., Wang, L., Zhao, J., Ding, F., and Lu, J. Band gap tun-
ing of hydrogenated graphene: H coverage and configuration 
dependence. J. Phys. Chem. C 2011, 115, 3236–3242.

 65. Han, S. S., Kim, H., and Park, N. Effect of shuttling catalyst 
on the migration of hydrogen adatoms: A strategy for the fac-
ile hydrogenation of graphene. J. Phys. Chem. C 2011, 115, 
24696–24701.

 66. Karlický, F., Zbořil, R., and Otyepka, M. Band gaps and 
structural properties of graphene halides and their derivates: 
A hybrid functional study with localized orbital basis sets. 
J. Chem. Phys. 2012, 137, 034709-1–034709-7.

 67. Lebègue, S., Klintenberg, M., Eriksson, O., and Katsnelson, 
M. I. Accurate electronic band gap of pure and functional-
ized graphane from GW calculations. Phys. Rev. B 2009, 79, 
245117-1–245117-5.

 68. Nelson, T. R. and Prezhdo, O. V. Extremely long nonradiative 
relaxation of photoexcited graphane is greatly accelerated by 
oxidation: Time-domain ab initio study. J. Am. Chem. Soc. 
2013, 135, 3702–3710.

 69. Vähäkangas, J., Ikäläinen, S., Lantto, P., and Vaara, J. Nuclear 
magnetic resonance predictions for graphenes: Concentric 
finite models and extrapolation to large systems. Phys. Chem. 
Chem. Phys. 2013, 15, 4634–4641.

 70. Wu, M., Wu, X., Gao, Y., and Zeng, X. C. Patterned hydro-
genation of graphene: Magnetic quantum dot array. J. Phys. 
Chem. C 2010, 114, 139–142.

 71. Segall, M. D., Lindan, P. J. D., Probert, M. J., Pickard, C. J., 
Hasnip, P. J., Clark, S. J., and Payne, M. C. First-principles 
simulation: Ideas, illustrations and the CASTEP code. J. Phys. 
Condens. Matter 2002, 14, 2717.

 72. Popova, N. A. and Sheka, E. F. Mechanochemical reaction in 
graphane under uniaxial tension. J. Phys. Chem. C 2011, 115, 
23745–23754.

 73. Khavryutchenko, V. D. and Khavryutchenko, A. V. J.: 
DYQUAMECH, Dynamical-Quantum Modelling in Mechano-
chemistry Software for Personal Computers. Institute of 
Surface Chemistry, National Academy of Science of Ukraine, 
Kiev, 1993.

 74. Cadelano, E., Palla, P. L., Giordano, S., and Colombo, L. 
Elastic properties of hydrogenated graphene. Phys. Rev. B 
2010, 82, 235414-1–235414-8.

 75. Wei, W. and Jacob, T. Strong charge-transfer excitonic effects 
in C4H-type hydrogenated graphene. Phys. Rev. B 2012, 86, 
165444-1–165444-4.

 76. Peelaers, H., Hernández-Nieves, A. D., Leenaerts, O., 
Partoens, B., and Peeters, F. M. Vibrational properties of 
graphene fluoride and graphane. Appl. Phys. Lett. 2011, 98, 
051914-1–051914-13.

 77. Samarakoon, D. K. and Wang, X.-Q. Tunable band gap 
in hydrogenated bilayer graphene. ACS Nano 2010, 4, 
4126–4130.

 78. Santos, E. J. G. Electrical spin switch in hydrogenated multi-
layer graphene. J. Phys. Chem. C 2013, 117, 6420–6425.

 79. Cantele, G., Lee, Y.-S., Ninno, D., and Marzari, N. Spin chan-
nels in functionalized graphene nanoribbons. Nano Lett. 
2009, 9, 3425–3429.

 80. Choe, D.-H. and Chang, K. J. Effect of dimensionality on 
the localization behavior in hydrogenated graphene systems. 
Nano Lett. 2012, 12, 5175–5180.

 81. León, A. and Pacheco, M. Electronic and dynamics properties 
of a molecular wire of graphane nanoclusters. Phys. Lett. A 
2011, 375, 4190–4197.

 82. Zhou, Y., Wang, Z., Yang, P., Sun, X., Zu, X., and Gao, F. 
Hydrogenated graphene nanoflakes: Semiconductor to half-
metal transition and remarkable large magnetism. J. Phys. 
Chem. C 2012, 116, 5531–5537.

 83. Li, Y. and Chen, Z. Patterned partially hydrogenated graphene 
(C4H) and its one-dimensional analogues: A computational 
study. J. Phys. Chem. C 2012, 116, 4526–4534.

 84. Wen, X.-D., Yang, T., Hoffmann, R., Ashcroft, N. W., Martin, 
R. L., Rudin, S. P., and Zhu, J.-X. Graphane nanotubes. ACS 
Nano 2012, 6, 7142–7150.

 85. Xiang, H., Kan, E., Wei, S.-H., Whangbo, M.-H., and Yang, 
J. “Narrow” graphene nanoribbons made easier by partial 
hydrogenation. Nano Lett. 2009, 9, 4025–4030.

 86. Vanzo, D., Bratko, D., and Luzar, A. Wettability of pristine 
and alkyl-functionalized graphane. J. Chem. Phys. 2012, 137, 
034707-1–034707-6.

 87. Hu, C.-H., Zhang, P., Liu, H.-Y., Wu, S.-Q., Yang, Y., and Zhu, 
Z. -Z. Structural stability and electronic and magnetic proper-
ties of fluorinated bilayer graphene. J. Phys. Chem. C 2013, 
117, 3572–3579.

 88. Sivek, J., Leenaerts, O., Partoens, B., and Peeters, F. M. First-
principles investigation of bilayer fluorographene. J. Phys. 
Chem. C 2012, 116, 19240–19245.

 89. Dillon, A. C., Jones, K. M., Bekkedahl, T. A., Kiang, C. H., 
Bethune, D. S., and Heben, M. J. Storage of hydrogen in sin-
gle-walled carbon nanotubes. Nature 1997, 386, 377–379.

 90. Antipina, L. Y., Avramov, P. V., Sakai, S., Naramoto, H., 
Ohtomo, M., Entani, S., Matsumoto, Y., and Sorokin, P. 
B. High hydrogen-adsorption-rate material based on gra-
phane decorated with alkali metals. Phys. Rev. B 2012, 86, 
085435-1–085435-7.

 91. Hussain, T., Sarkar, A. D., and Ahuja, R. Strain induced 
lithium functionalized graphane as a high capacity 
hydrogen storage material Appl. Phys. Lett. 2012, 101, 
103907-1–103907-5.

 92. Hussain, T., Maark, T. A., Sarkar, A. D., and Ahuja, R. 
Polylithiated (OLi2) functionalized graphane as a poten-
tial hydrogen storage material. Appl. Phys. Lett. 2012, 101, 
243902-1–243902-4.

 93. Li, Y., Zhou, Z., Shen, P., and Chen, Z. Structural and elec-
tronic properties of graphane nanoribbons. J. Phys. Chem. C 
2009, 113, 15043–15045.

 94. Da, H., Feng, Y. P., and Liang, G. Transition-metal-atom-
embedded graphane and its spintronic device applications. J. 
Phys. Chem. C 2011, 115, 22701–22706.



451

28 Large-Scale Fabrication of 
High-Quality Graphene Layers 
by Graphite Intercalation

Xiumei Geng and Jingbiao Cui

ABSTRACT

Emerging graphene is of considerable interest in scientific 
research because of its fascinating physical and chemical 
properties such as high carrier mobility and large theoretical 
specific surface area. Various approaches have been used to 
produce graphene materials. Each method has its own advan-
tages and disadvantages in terms of the resultant material 
quality and property. For example, the sole scalable produc-
tion has been realized in producing chemically converted gra-
phene using an oxidation method, but the superior properties 
of pristine graphene are lost due to structural damage. Direct 
liquid-phase exfoliation of graphite powder in organic sol-
vents results in high-quality graphene layers but with limited 
yield. Here, we review a newly developed chemical method to 
produce pure graphene layers on a large scale by employing 
exfoliation of graphite via intercalation. The process for fabri-
cating few-layer graphene preserves the basal plane structure 
with negligible functional groups as compared to the conven-
tional chemical methods. The structure, properties, and poten-
tial applications of graphene will be presented and discussed. 
This simple and scalable technique for high-quality graphene 

fabrication offers considerable potential for mass production 
and practical applications. Graphene layers produced by other 
procedures are also included for comparison.

28.1 INTRODUCTION

Graphene is a single-atom-layer two-dimensional (2D) crys-
talline material, in which carbon atoms form hexagonal hon-
eycomb structures. Its large theoretical specific surface area 
and high conductivity make graphene attractive for applica-
tions in energy storage and as conductive additives in compos-
ite materials.1–5 Several graphene layers stacked together are 
also an intriguing material for their layered structure, excep-
tional electrical properties, and wide potential applications. 
Significant advances have been made in high-quality or large-
quantity production of graphene layers (see Table 28.1 for a 
summary). However, so far, a major obstacle has been the lack 
of efficient methods to produce high-quality graphene layers 
(less than ~10 layers) in a large quantity to meet commercial-
ization requirements in industry.

The sole scalable production in producing chemically 
converted graphene has been achieved using the oxidization 
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or fluorination method, showing promising applications in 
functional nanocomposites.6,7 However, they are not real sp2 
bonded graphene. Their remarkable electrical and mechanical 
properties are largely lost due to the severe destruction of the 
pristine graphene structures. Exfoliation of graphite interca-
lated compounds (GICs) and liquid-phase exfoliation (LPE) 
from graphite are considered promising methods for produc-
ing scalable and high-quality graphene.8 These two exfoliation 
methods currently suffer, respectively, from the fact that the 
layers are generally too thick and the yield is still low. So far, 
dispersion of high-quality graphene layers can be produced by 
simply direct LPE of graphite powder in organic solvents.9,10 
However, the yield of graphene layers is hard to improve and 
limited by the relatively strong interlayer interaction of bulk 
graphite. The high-concentration dispersion of graphene in 
chlorosulfonic acid has been demonstrated, despite the use of 
hazardous super acid and the finite lateral size of graphene.11 
There are alternative efforts to exfoliate GIC to fabricate gra-
phene such as acid intercalation and initial acid intercalation 
followed by the reintercalation of organic molecules or alkali 
metals.12,13

In this chapter, we first discuss high-quality graphene lay-
ers achieved in large quantity by graphite intercalation. This 
approach is a reliable and facile method with the potential for 
mass production of high-quality graphene layers. The struc-
tural and physical properties of graphene materials and their 
potential applications in various areas are then discussed. The 
chapter concludes with a discussion on the challenges and 
perspectives of this unique graphene material.

28.2 SYNTHETIC METHODS

Graphene was discovered in 2004 via the micromechani-
cal method. Micromechanical cleavage can produce the best 
graphene samples for scientific research, but it is unlikely 

to scale up for mass production at present. Large-area uni-
form graphene films can be grown on metal substrates as 
large as square meters.14–22 But two specific issues have to 
be addressed before mass production: one is the cost of the 
production process due to high energy consumption, and the 
other is that the graphene is required to be transferred to insu-
lating substrates for device fabrication by mechanical or solu-
tion processing methods.23 Chemical synthesis can produce 
larger-scale and narrow graphene nanoribbons.24–26 Graphene 
grown on SiC usually contain a multitude of domains, and 
are not spatially uniform in number or size over larger length 
scales.27–29 Although large-scale growth on substrates may 
result in large-quantity production of graphene, effective exfo-
liation methods have been developed to achieve high-quality 
graphene without structural defects. Moreover, it is a solution-
based method and easy to scale up for industrial applications. 
Several methods for preparing graphene are summarized in 
Table 28.1.

Graphite intercalation compounds were formed by the 
insertion of atomic or molecular layers of different chemical 
species between layers of graphite, which were systemati-
cally researched in the early 1930s after the introduction of 
x-ray diffraction (XRD) techniques.30 To date, a great deal 
of graphite intercalation compounds have been fabricated in 
terms of different intercalants such as alkali metals and their 
compounds, alkaline earth metals, halogens, metal halides, 
metal oxides, acids, and others, with an increase in the dis-
tance between neighboring graphene layers determined by 
the size of intercalants. All of these graphite intercalation 
compounds have a high degree of ordering structure. Among 
them, the staging phenomenon is the most important and 
characteristic ordering property, which offers the possi-
bility of producing the desired layer number and approxi-
mately expected interlayer space of graphene. Exfoliation is 
needed to separate the graphene layers. GICs show different 

TABLE 28.1
Graphene Preparation Methods

References Method Size/Yield Electronic Property Catalyst/Substrate

[1] Micromechanical exfoliation 10 µm Mobility: 10,000 cm2/V ⋅ s –

[16] CVD 200 µm Resistance in intralayer: 10 Ω Ruthenium

[17] CVD Millimeter scale – Ruthenium

[18] CVD 1 cm Mobility: 4050 cm2/V ⋅ s Copper

[19] CVD 30 in. 125 Ω/◽ with 97.4% optical transmittance Copper

[20] CVD Wafer scale Mobility: 3000 cm2/V ⋅ s Nickel

[24] Epitaxial graphene Several microns Mobility: 2.7 m2/V ⋅ s Silicon carbide

[3] Epitaxial graphene Wafer size Mobility: 2000 cm2/V ⋅ s Silicon carbide

[6] Chemical reduction of graphite oxide 0.5 mg/mL Conductivity: 7200 S/m –

[10] Liquid-phase exfoliation 0.01 mg/mL Conductivity: 6500 S/m –

[11] Liquid-phase exfoliation 20–30 mg/mL 1000 Ω/◽ at ~80% transparency –

[13] Exfoliation–reintercalation–expansion of 
graphite

<1 mg/mL 
(90% single layer)

8 kΩ with 80% transparency –

[24] Solution synthesis of graphene nanoribbon Gram quantities Bandgap: 1.3 eV –

[25] Bottom-up fabrication of graphene nanoribbon N = 7 armchair ribbon Bandgap: 1.6 eV –

[26] Synthesis of graphene nanoribbons Long: >200 nm Bandgap: 1.88 eV –
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chemical and physical properties owing to the different 
intercalants used, which determine how to exfoliate these 
compounds.

Different exfoliation methods were employed to exfoli-
ate GICs according to the type of intercalants. Thus, the 
approaches for graphene layer preparation can be subdivided 
into interlayer chemical reaction exfoliation of GICs, micro-
wave and high-temperature thermal expansion exfoliation of 
GICs, electrochemical exfoliation, and exfoliation of cointer-
calated compound in graphite.

28.2.1  interlayer ChemiCal reaCtion 
exFoliation oF GiCS

Among various GICs,30 the use of FeCl3 salts is quite 
unique.31–33 The resulting graphene layers basically maintain 
their pristine intact states in graphite due to their thermal 
and soluble stabilities. In addition, high-temperature ther-
mal expansion of FeCl3-intercalated GICs produces reaction 
gas or boiling vapor resulted from the low boiling point of 

FeCl3, which is beneficial to the exfoliation of GICs.34 Besides 
thermal exfoliation, interlayer catalytic exfoliation provides 
a route to prepare large-quantity and high-quality few-layer 
graphene (FLG). The strategy is illustrated in the schematic 
diagram of Figure 28.1a. The FeCl3 material severs as a cata-
lyst to decompose H2O2 into oxygen and water.35 This reaction 
is slow at room temperature, which allows for enough time 
to exfoliate the GICs. The large amount of water exiting in 
the interlayer of the resulting graphene layers further prevents 
the graphene from restacking. Therefore, more than 10 g 
graphene layers can be produced at one time. The resulting 
graphene layers are predominately less than six layers with 
a thickness of less than 2 nm. Functional groups on the gra-
phene layers are negligible due to the low catalytic tempera-
ture and weak oxidation ability of H2O2. The high exfoliation 
results in a significant increase in the volume of graphene, as 
shown in Figure 28.1b through d. The large area and ultrathin 
thickness of the scalable graphene layers are characterized by 
scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), and atomic force microscopy (AFM). 

Water

Graphene layers

Oxygen

Graphite
After ICEFeCl3-GIC

Hydrogen peroxide
Interlayer catalytic reaction

Iron(III) chloride H2O H2O2 O2H2O2

Fe3+

Fe2+

GIC

(a)

(b) (c) (d)

FLG

FIGURE 28.1 Preparation of large-quantity graphene layers by interlayer catalytic reaction. (a) Schematic diagram of the synthetic pro-
cess; (b) graphite raw materials before interlayer catalytic reaction; (c) after interlayer catalytic reaction; and (d) comparison between the raw 
materials and the graphene powders. (Reprinted by permission from Macmillan Publishers Ltd. Sci. Rep. Geng, X. et al. Interlayer catalytic 
exfoliation realizing scalable production of large-size pristine few-layer graphene. 3, 1134, copyright 2013.)
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The freeze-dried graphene layers can easily weigh up to 10 g. 
These graphene layers are flexible and have gauze-like mor-
phology. Their typical size can be as large as 40 × 60 µm2 
with an average layer thickness of about 1.94 nm, correspond-
ing to approximately four layers. The monolayer, bilayer, 
trilayer, and few-layer graphene can be determined by the 
dark lines in the folded regions from the interior and edges of 
the typical large graphene layers.

Another material KC8 is also used to react with etha-
nol for exfoliating graphite due to the liberation of gaseous 
hydrogen.36 The exfoliated high-quality graphite sheets are 
produced by the strong reaction between K and ethanol, and 
the carbon sheets were transferred to nanoscrolls by sonica-
tion in ethanol. In the early studies, the resulting graphene is 
very thick owing to the rapid and striking gas production in 
the interlayer of graphite as it is difficult to control the rate of 
the chemical reaction.

The third approach also uses interlayer catalytic reaction 
in graphite as shown in Figure 28.2.37 Natural graphite is used 
as the starting material and oxidized to enlarge the interlayer 
space. MnO2 is produced in the graphite oxide interlayer and 
used as a catalyst toward the decomposition of H2O2, which 
results in oxygen being formed on the surface of MnO2. High-
quality graphene layers with a broad pore size distribution 
can be obtained after the removal of MnO2 and hydrazine 
reduction.

28.2.2 thermal expanSion exFoliation oF GiC

In the interlayer of GICs, lots of materials, such as polar 
solvents in particular, are responsive to microwave. Water 

molecules are often thought to remain in the interlayer of 
GICs because of their rapid response to microwave.38–50 The 
microwave heating during irradiation on the graphite interca-
lation can abruptly eject intercalation chemicals, which was 
proven to be an effective exfoliation of graphite layers. There 
are many advantages of employing microwave for exfoliation 
of GICs, including simplicity, higher reaction rate, selectiv-
ity, continuous and patch production, low cost, and short pro-
cessing time. This method has used different intercalants and 
attracted much attention for many years.

Large-quantity graphene layers are often prepared under 
microwave irradiation followed by sonication in solution. 
H2SO4 is a popular intercalant to form H2SO4–GICs. The 
H2SO4–H2O2 system was found nearly 20 years ago and has 
been utilized in industrial production.51 Partial exfoliation is 
observed after washing GICs. The remaining ions and molec-
ular H2O in the interlayer of graphite are used for microwave 
exfoliation.47 The resulting three-dimensionally intercon-
nected exfoliated graphite contains a large quantity of the 
FLG laminas, as shown in Figure 28.3a. These graphene lay-
ers are nearly absent of incorporating functional groups and 
in-plane defects and impurities.

He et  al. developed H2SO4 as an intercalation agent, in 
which NO2+ ions serve as the oxidant upon microwave irra-
diation to obtain large-quantity and high-quality graphene 
layers.52 It is a simple and scalable approach to quickly 
(30 s) produce large-area (400–900 μm2), clean, and highly 
conductive solution-processable graphene sheets (GS) using 
nitronium ions under microwave irradiation. The reaction 
route is displayed in Figure 28.3b. No nitrogen and sulfur 
are detected in the graphene layers by x-ray photoelectron 

Graphite Graphite oxide

Graphene scrolls

H2O2 H2O2

O2

H2O2

KMnO4

Sonication

Sonication

Graphene scrolls oxide/MnO2Graphite oxide/MnO2

Removal

Reduction

Functional groups

Graphite oxide/Mn2+

Mn2+Mn2+

MnO2MnO2 MnO2
MnO2 MnO2

MnO2MnO2MnO2MnO2MnO2 MnO2 MnO2

MnO2
MnO2 MnO2

MnO2MnO2MnO2

Mn2+

Mn2+

Mn2+

Mn2+

Mn2+ Mn2+ Mn2+

MnCl2Oxidation

FIGURE 28.2 Interlayer chemical reaction for producing graphene scrolls using graphite as starting materials with MnO2 produced in the 
interlayer of graphite. The chemical reaction occurs between MnO2 and H2O2 with oxygen production in the interlayer to exfoliate graphite. 
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spectroscopy (XPS) and Fourier transform infrared spectros-
copy (FT-IR).

The combination of intercalation and thermal expansion 
exfoliation graphite technique offers an opportunity to con-
trol the desired number of graphene layers with large flake 
sizes, making it possible for microfabrication using conven-
tional photolithography.53,54 Stage-controlled intercalation 
GICs by intercalating IBr (to form stage 3 ionic GICs) and 
ICl (to form stage 2 ionic GICs) into highly ordered pyrolytic 
graphite (HOPG) were used to fabricate large amounts of 
bi- and trilayer graphene.53 The intercalants of IBr and ICl 
were volatilized rapidly and removed completely during high-
temperature expansion. In contrast with the HOPG, volume 
expansion of the GICs is observed. Upon thermal expansion, 
the exfoliated graphite has a striking increase in shape and 
volume, consisting of three-dimensionally delaminated flakes 
of graphene as shown in Figure 28.4. The graphite crystal 
structure can be restored after thermal expansion.

28.2.3 eleCtroChemiCal exFoliation

The electrochemical method is another route to produce 
FLG flakes of high yield from graphite for industrial appli-
cations.55 It is not difficult to realize the mass production of 

graphene using the electrochemical method. In particular, the 
production rate of graphene layers is high and easy to con-
trol in the electrochemical exfoliation process via tuning the 
current or voltage. In general, the electrochemical formation 
of graphite–sulfuric acid intercalation compounds and Li+-
intercalated graphite is often used to prepare graphene layers.

Li+ ions can be intercalated into graphite interlayers, 
forming a series of stages when electrochemical charging is 
applied in the graphite electrode. Loh et  al. combined Li+-
intercalated graphite and low-melting-point propylene car-
bonate to produce high-yield graphene layers (Figure 28.5).56 
After washing with acid and water to remove Li+ and pro-
pylene carbonate, the intensity ratio of D peak to G peak in 
Raman measurement is less than 0.1, suggesting that 70% gra-
phene layers are less than five layers.

28.2.4  exFoliation oF CointerCalated 
Compound in Graphite

Mass production of graphene layers has been done by exfo-
liation of the cointercalated graphite compound in organic 
solvents. The increased interlayer space of graphite by coin-
tercalation is the main reason that the intercalated graphite is 
exfoliated easily. The intercalators can enter graphite layers 
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FIGURE 28.3 Graphene layers prepared by microwave irradiation. (a) Ammonium peroxy disulfate and hydrogen peroxide used to inter-
calate graphite and microwave-assisted exfoliation of the intercalated compound. (Reprinted from Carbon, 48, Sridhar, V. et al. Synthesis 
of graphene nanosheets using eco-friendly chemicals and microwave radiation, 2953–2957, Copyright 2012, with permission from Elsevier.) 
(b) Intercalation agent H2SO4 with NO2+ severed as the oxidant upon microwave irradiation to obtain large-quantity and high-quality 
graphene layers. (Reprinted with permission from Chiu, P. L. et al. Microwave- and nitronium ion-enable rapid and direct production of 
highly conductive low-oxygen graphene. J. Am. Chem. Soc. 134, 5850–5856. Copyright 2012 American Chemical Society.)
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sequentially or form a eutectic for intercalation. The former is 
often used to obtain thin graphene layers and the latter is used 
to obtain large-quantity graphene.

Reintercalation of expandable graphite, which is weakly 
oxidized, provides a method for producing highly conductive 
graphene films.13 As shown in Figure 28.6a, a homogeneous 
suspension is obtained by sonication of tetrabutylammonium 
hydroxide (TBA)-inserted oleum-intercalated graphite in a 
Dimethylformamide (DMF) solution of 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy (polyethyleneg-
lycol)-5000] (DSPE-mPEG). About 90% resulting materials 

are single-layer graphene in the supernatant according to 
AFM statistics.

The ternary salt KCl−NaCl−ZnCl2 eutectic has also 
been employed for liquid-state diffusion to form cointerca-
lated graphite compounds.57 Production of graphene with 
>1 g/batch has been achieved without degrading the qual-
ity of the graphene layers. The resulting graphene with a 
traceable amount of defects is confirmed by Raman spec-
troscopy and has been deposited as transparent conduct-
ing films (TCFs) by a modified Langmuir–Blodgett (LB) 
method (Figure 28.6b).

FIGURE 28.4 Graphene layers prepared by high-temperature thermal expansion exfoliation of GICs. Stage-controlled intercalation GICs 
by intercalating IBr (to form stage 3 ionic GIC) and ICl (to form stage 2 ionic GIC) into HOPG were used to fabricate large amount of bi- 
and trilayer graphene. (Reprinted by permission from Macmillan Publishers Ltd. Nat. Nanotech. Shih, C. J. et al. Bi- and trilayer graphene 
solutions. 6, 439–445, copyright 2011.)

Graphite

Negatively
charging (–)

e-
+ +

e-
e-
e-

e-

e-
e-

+

e- e-

Li+/PC
complexes

Li+/DMF/PC

Sonication

Dispersible

Expansion

Li+

Li+Li+O

O O

O
O

O
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from Wang, J. et al. High-yield synthesis of few-layer graphene flakes through electrochemical expansion of graphite in propylene carbonate 
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One special intercalated compound of K(THF)xC24 can 
spontaneously exfoliate into reduced GS in N-methyl-2-
pyrrolidone (NMP).58 After drying, the resulting graphene lay-
ers were stable even if exposed to air. The measured thickness 
of the graphene layers is 0.35–0.4 nm by ambient AFM on a 
mica substrate. The approach provides a reversible addition of 
electrons to graphite to prepare graphene layers (Table 28.2).

28.3 PROPERTIES OF GRAPHENE LAYERS

28.3.1 StruCtural propertieS

Before the properties of graphene are discussed, a brief 
summary of the morphology and crystal structure will be 
given below since physical properties are associated with 
the structures. Pristine graphene is a honeycomb lattice 
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crystal structure in which carbon atoms are bonded through 
σ bonds and π bonds. The thickness of single-layer graphene 
is ~0.4 nm and the double folds are 0.8 nm as measured by 
AFM.1 Graphene is easy to fold and this phenomenon is often 
observed in exfoliated intercalated graphite due to its small 
thickness and soft structure. The folded morphology can be 
directly measured by AFM while the flexible and gauze-like 
graphene layers may be observed by SEM.35 According to the 
dark lines in the folded regions of graphene layers, the num-
ber of layers can be determined by HRTEM.

XRD is often used to determine the quality of the GICs and 
the exfoliated graphite. The stage of GICs can be identified 
by the specific peaks in the XRD patterns. The high-quality 
exfoliated graphite is characterized by the recovery of a single 
(002) peak by Bernal stacking of graphite and the absence of 
other impurity peaks. On the one hand, the (002) peak of the 
resulting graphene layers slightly shifts to low angles relative 
to pristine graphite (26.64°) due to the increased interlayer 
spacing in the bulk exfoliated graphite. On the other hand, 
the (002) peak of graphene layers becomes weaker than that 
of graphite because the resulting graphene consists of one-
layer graphene without the (002) peak and FLG with weak 
(002) signal.35 However, the broadening and peak shift to a 
low angle (21.4°, d-spacing: 0.42 nm) for some high-quality 
graphene may also result from the restacking process of gra-
phene flakes, which is not fully recovered by Bernal stacking 
of graphite.57

XPS can be used to identify the chemical state and sur-
face compositions of the resulting graphene layers. The C 1s 
peak at ~284.5 eV is associated with C─C bonds of graphene 
layers. Oxygen is often observed in graphene and seems to 
always form C─O bonds. Based on the amount and the chem-
ical state of the oxygen, one can claim the oxidizing degree of 
the graphene layers.

28.3.2 eleCtroniC propertieS

Graphene has a theoretical electron mobility as high as 
~2 × 105 cm2/V ⋅ s and continuously tunable electron and 
hole concentrations up to 1013 cm−2 at room temperature, 
which therefore result in high conductivity in graphene. Its 
excellent electrical properties are important for many appli-
cations. Significant research has been dedicated to explor-
ing the exceptional electric properties of graphene prepared 
by different methods.59–62 Note that the different methods 
may result in very different electrical properties of gra-
phene. The next few paragraphs will focus on the electrical 
properties of graphene obtained by exfoliation via interca-
lation method.

Large-size graphene flakes can be made from ICl and 
IBr intercalation of GICs. In order to study their electrical 
properties, graphene flakes are often deposited on insulat-
ing substrates such as SiO2 slides from a graphene solu-
tion by a method called the “coffee-ring effect.”53,63–65 The 
2D resistance of graphene flakes is found to be as low as 
~1 kΩ at zero gate bias and the hole mobility is as high as 
~400 cm2/V ⋅ s in the presence of a perpendicular electric 
field at room temperature. This mobility is different from 
that of suspended graphene samples due to the scattering 
effects of the underlying substrates. It still has room to 
improve mobility by optimizing the microfabrication pro-
cess with less induced impurities in graphene. By exfoliat-
ing alkali metal intercalation GICs, the modified LB film 
deposited on a glass substrate shows a sheet resistance of 
~930 Ω and a conductivity of 91,000 S/m. It is also found 
that a higher annealing temperature leads to a decrease in 
sheet resistance of graphene films as shown in Figure 28.7a. 
Comparisons have been made on the resistance of graphene 
on various substrates.13 The temperature-dependent resis-
tance data obtained from GS with titanium/gold and pal-
ladium contacts, both annealed at 800°C, graphene oxide 
(GO) annealed at 800°C, and GS made from exfoliation of 
graphite are compared in Figure 28.7b. The conductivity 
of the annealed GS, in distinctive contrast to that of GO, 
decreases slightly at low temperatures. This behavior is sim-
ilar to the micromechanical peel-off graphene.

Aromatic oxidation by nitronium ions combined with 
microwave heating provides a fast and scalable approach for 
large, highly conductive GS. The transport property of gra-
phene films with a thickness of 200 nm on a quartz substrate 
was measured with a four-probe method. The resistance of 
the film was found to be 0.76 kΩ, which suggests high-quality 
graphene with fewer defects. It also confirms that a thicker 
film has smaller resistance (Table 28.3).52

TABLE 28.2
Comparison of a Set of Intercalated Graphite 
Compounds for Producing Graphene Layers

References
Starting 
Material Intercalator

Exfoliated 
Method

Yield/Layer 
Number

[35] Graphite FeCl3 Interlayer 
chemical 
reaction 
exfoliation

10 g/batch, <6 
layers

[53] HOPG IBr and ICl Thermal 
exfoliation

Bilayer (40%),
3–4 layer 
(35%)

[36] Graphite K Interlayer 
chemical 
reaction 
exfoliation

40 ± 15 layers

[51] Graphite H2SO4 Microwave 
exfoliation

10 g/batch

[52] Graphite HNO3 Microwave 
exfoliation

3 mg/mL

[54] Graphite ClF3 Thermal 
expandable 
exfoliation

5 g/batch,
<5 layers 
(90%)

[56] Graphite Li+ Electrochemical 
exfoliation

1 mg/mL, <5 
layers (70%)

[13] Expandable H2SO4 + TBA Cointercalated 
exfoliation

Monolayer 
(90%)

[57] Graphite KCl–NaCl–
ZnCl2

Cointercalated 
exfoliation

 >1 g/batch
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28.3.3 raman SpeCtroSCopy oF Graphene layerS

Raman spectroscopy is often used to characterize the purity 
of graphene and measure its number of layers (up to a max-
imum of five layers).66 It has become one of the important 
criteria to verify whether or not the as-prepared graphene is 
of high quality. Raman spectra of graphene are usually com-
posed of a G peak at ~1580 cm−1, a D peak at ~1350 cm−1, and 
a 2D peak at ~2700 cm−1. The D peak is observable only in 
defective graphene. A small D peak or a low intensity ratio of 
D to G peak is regarded as a critical index to betoken the low 
defect density in graphene. The shape, width, and position of 
the 2D peak also change with the layer number of graphene. 
It has also been reported that the intensity and location of the 
2D band may depend on doping or impurities in graphene.56

Raman spectroscopy offers a reliable technique for study-
ing graphene made by intercalating graphite via exfolia-
tion. A weak D peak or small intensity ratio of the D to G 
peak is often observed for graphene prepared by this kind of 

method (Table 28.4). The as-prepared FLG obtained by inter-
layer chemical reaction exfoliation of FeCl3 GIC showed an 
intensity ratio of D to G about 0.1, which is similar to those 
of natural graphite. This clearly indicates that the method 
has less opportunity of generating structural defects dur-
ing graphene preparation.35 The shape of the 2D peak has 
been used to distinguish the layer number of graphene. As 
shown in Figure 28.8a, graphene of monolayer, bilayer, ~3–4-
layer, 5-layer, ~5–10-layer, or >10-layers can be clearly told 
by Raman spectra. The D peak is observed only in mono-
layer graphene due to the edge effect of the smaller area of 
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FIGURE 28.7 Electrical properties of graphene thin films. (a) The sheet resistance and transparency of graphene thin films after being 
annealed at different temperatures (Reprinted with permission from Li, X. L. et al. Highly conducting graphene sheets and Langmuir–
Blodgett films. Nat. Nanotech. 3, 538–542, 2008.  Copyright 2012 American Chemical Society.); (b) comparison of temperature-dependent 
sheet resistance among as-prepared GS (triangles), GS annealed at 800°C with a titanium/gold contact (squares); GS annealed at 800°C 
with a palladium contact (circles), and GO annealed at 800°C (light squares). (Reprinted by permission from Macmillan Publishers Ltd. 
Nano Lett. Park, K. H. et al. Exfoliation of non-oxidized graphene flakes for scalable conductive film. 12, 2871–2876, 2012, copyright 2011).

TABLE 28.4
Raman Properties of Graphene Layers Prepared by 
Intercalation and Exfoliation

References
Starting 
Material Intercalator Exfoliated Method ID/IG

[35] Graphite FeCl3 Interlayer catalytic 
exfoliation

0.1

[53] HOPG IBr and ICl Thermal exfoliation –

[36] Graphite K Interlayer chemical 
reaction exfoliation

–

[51] Graphite H2SO4 Microwave 0.45

[52] Graphite HNO3 Microwave –

[54] Graphite ClF3 Thermal expandable 
exfoliation

–

[56] Graphite Li+ Electrochemical 
exfoliation

 <0.1

[13] Expandable H2SO4 + TBA Cointercalated 
exfoliation

–

[57] Graphite KCl–NaCl–
ZnCl2

Cointercalated 
exfoliation

0.15

TABLE 28.3
Electrical Properties of Conductive Graphene Layers 
Based on Exfoliation GIC

References Graphene Layers
Resistance or 
Conductivity

[53] Bi- and trilayer flakes 2D resistance: 1 kΩ
[13] Multilayer LB films Resistance: 8–150 kΩ
[35] Few-layer flakes Conductivity: 2.3 × 105 S/m

[57] Modified LB films Resistance: 930 Ω; 
conductivity: 91,000 S/m

[52] 200-nm-thick film on 
quartz

Resistance: 760 Ω; 
conductivity: 19,200 S/m
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graphene.53 It has been reported that the D peak can occur at 
the edge even for a pristine graphene.66 A D to G peak ratio of 
0.45 has been found for the graphene exfoliated by microwave. 
The similar intensity between G peak and 2D peak illustrates 
an ideal structure without surface modification.52 Graphene 
made from the exfoliation of KCl–NaCl–ZnCl2 GICs has 
shown particular shapes of 2D peaks as illustrated in Figure 
28.8b.48 This shape change has been ascribed to the smaller 
size of the graphene, edge doping, or functionalization by 
remaining salts or solvents. Because the D to G peak ratio is 
as low as 0.15, therefore, the disorder in the sp2 carbon lattice 
and the degree of functionalization are trivial (Figure 28.8).

The Raman spectrum of FLG prepared by the electro-
chemical expansion of graphite shows a low D to G intensity 
ratio of <0.1, indicating that the concentration of defects in the 
as-prepared FLG is significantly low. The 2D peak shows a 
special shift for easily soluble expanded graphite (ESEG) pre-
pared by exfoliating fluorinated graphite intercalation com-
pound (FGIC).54 It is stated that the difference may be caused 
by weakened interaction with increased interlayer space due 
to severe intercalation and expansion. The interlayer space is 
found to increase by 17% through TEM. This verifies that the 
shift of 2D peak in Raman spectrum for ESEG is caused by 
the enlarged interlayer distance.

Although the graphene made by intercalation via exfolia-
tion has shown different Raman spectra due to the different 
intercalants and exfoliation methods, a low D peak and low 
D to G intensity ratio are constantly observed. This suggests 
that the method using intercalation via exfoliation is a good 
candidate for high-quality graphene fabrication.

28.3.4 thermal propertieS

The in-plane thermal conductivity of graphene at room tem-
perature is expected to be about 2000–5000 W/mK for freely 

suspended samples.67 It is the highest thermal conductivity of 
any known material. However, the thermal conductivity of 
graphene on a substrate decreases significantly owing to the 
coupling and scattering of graphene phonons with the sub-
strate. The thermal conductivity of graphene supported by 
SiO2 is about 600 W/mK at room temperature.67

The out-of-plane thermal conductivity of graphene is 
relatively low because of the weak van der Waals interac-
tion between the graphene layers. This is similar to graph-
ite, which has a low room-temperature thermal conductivity 
of 6 W/mK along c-axis.68 Fabrication of three-dimensional 
(3D) structures is considered as a good strategy to overcome 
the low thermal dissipation between the graphene layers. The 
thermal conductivity of graphene is also affected by its size 
and area. Xiang et al. reported thermal conductivities of about 
380 and 290 W/mK for monolayers of 10 and 5 µm in size, 
respectively.69 Another example is the low thermal conduc-
tivity of graphene nanoribbons, which have a smaller lateral 
size than the phonon mean free path. As a result, the phonon 
propagation in graphene ribbons is confined by grain bound-
aries, which reduces their thermal conductivity.70

Graphene layers with high in-plane thermal conductivity 
have been prepared by exfoliation of intercalated graphite. 
They possess 3D network structures to enhance thermal con-
ductivity along other directions. These exfoliated graphene 
layers are prepared by acid intercalation followed by thermal 
exfoliation. The lateral size of the resulting graphene layers is 
1–15 µm and the thickness is about 10 nm. Their in-plane and 
out-of-plane thermal conductivities are reported to be 178 and 
1.28 W/mK, respectively.71

28.4 APPLICATIONS

Graphene, an intriguing material with fascinating physi-
cal and chemical properties, is a promising material for 
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applications in the field of electronics, optics, mechanics, 
biology, and others. Potential applications using graphene 
made by chemical vapor deposition (CVD) and epitaxial 
growth, micromechanical exfoliation of graphite, as well as 
epitaxial growth on electrically insulating surfaces have been 
comprehensively reported.8 Many reviews also focus on the 
electronic and photonic properties of graphene, and corre-
sponding applications.72–75 A single-electron transistor (SET) 
based on graphene quantum dots has been demonstrated and 
shows periodic Coulomb blockade peaks that are similar to 
conventional SET devices using semiconductor or metallic 
dots.76 FETs with a single back gate and large-scale graphene 
transistor arrays with uniform electrical properties have 
also been investigated in detail.1,77–80 Unique high-frequency 
characteristics of graphene FETs with operating frequency 
between 26 and 100 GHz have been reported.81–83 Graphene-
based sensors can be used to detect gases such as chemical 
warfare agents and explosives, and biomolecules such as 
protein and DNA.84–89 The reduced GO with incorporation 
of CNTs or C60 has been used as electrodes to enhance the 
capacity of lithium ion batteries.90 Other particles such as 
Si, SnO2, and Sn may be mixed with graphene or graphene-
based electrodes to improve the capacity and reversible cycle 
performance of lithium ion batteries.91–95 Much research 
is also focused on improving both sheet conductivity and 
optical transmittance of graphene layers for applications in 
TCFs.96,97

It is important to develop techniques that can minimize 
the residual functionality groups and improve the physical 
and chemical properties of graphene for meeting application 
requirements. The practical applications depend on, to some 
extent, the availability of high-quality graphene in a large 
scale. The limitation in the mass production of high-quality 
graphene hampers its industrial applications. Exfoliation 
of graphite via intercalation, a facile and feasible chemical 
method for high-quality graphene fabrication, provides an 
approach toward mass production for applications.

28.4.1 Field-eFFeCt tranSiStorS

High mobility of charge carriers at ambient condition 
(200,000 cm2/V ⋅ s)98 and a series of appealing quan-
tum effects99 make graphene a potential material in the 
design of new-generation FETs. In the long run, graphene 
is regarded as a surrogate for silicon in integrated micro-
circuits.100–102 The method of exfoliation of graphite via 
intercalation for graphene provides the ability to produce 
large-area and high-quality graphene flakes and control 
the stacking layers, which enable the fabrication of FET 
devices by conventional ultraviolet photolithography on 
different substrates. The bilayer and trilayer graphene with 
areas as large as 50 µm2 and controlled stacking by inter-
calating graphite with iodine chloride or iodine bromide 
at every second or third layer exhibit superior electronic 
properties.53 Figure 28.9 shows a graphene FET device and 
its electronic characterizations.

28.4.2 Clean enerGy material

For its high theoretical surface area of 2630 m2/g and ability 
to facilitate electron or hole transfer along its 2D surface, gra-
phene can serve as an electrode material in applications such 
as rechargeable lithium ion batteries and ultracapacitors.5,35 
Applications in other areas, including hydrogen storage, fuel 
cells, and solar cells, have also been reported.103,104 Based on 
abundant and low-cost graphite, the technique for fabricating 
graphene by exfoliation of graphite via intercalation can pro-
vide high-quality and large-quantity graphene. This advan-
tage for graphene fabrication will help to make cost-effective 
and high-performance batteries or ultracapacitors, and ulti-
mately promote clean energy applications.

As showed in Figure 28.10a, the conductivity of the gra-
phene made from one-time-only interlayer catalytic exfo-
liation of salt-intercalated graphite reaches 2.3 × 105 S/m, 
which is in the same order as natural graphite (6.6 × 105 S/m). 
The use of FLG as electrodes in lithium ion batteries shows 
reversible cycles of more than 1000 times and an extraordi-
nary capacity up to 1243 mAg−1 (Figure 28.10b and c). The 
reversible specific capacity can be maintained at 720 mAg−1 
at a current density of 0.1 Ag−1 after almost 1000 cycles of 
charging and discharging and the process is completed at a 
large current density of 1 Ag−1 (Figure 28.10c).

28.4.3 tranSparent ConduCtive FilmS

Monolayer graphene has a constant optical absorption of 
2.3% from theoretical calculation, which has been experi-
mentally confirmed in the visible range, and the opacity is 
linearly proportional to the layer number of graphene.105 High 
electrical conductivity, high carrier mobility, and moderately 
high optical transmittance of graphene make it a promising 
TCF for liquid-crystal displays,106 solar cells, and organic 
light diodes.107–109 The method of exfoliating graphite inter-
calation can be easily integrated with the techniques used for 
TCFs, especially the LB method. The graphene derived from 
intercalation via exfoliation has revealed significant optical 
performance. Single-layer GS prepared by exfoliation–rein-
tercalation–expansion of graphite can be made into one-, 
two-, and three-layer films on quartz substrates by LB assem-
bly in a layer-by-layer manner (Figure 28.11a).13 The three-
layer LB film yields a room-temperature sheet resistance of 
8 kΩ and a transparency of 83% at a wavelength of 1000 nm, 
which shows superior properties of the reduced GO films6,110 
and those derived from GS through sonication of natural 
graphite in DMF.106 Note that the resistance and transparency 
decrease as the number of layers increases.

Recently, a scalable and cost-effective intercalation and 
exfoliation routine was demonstrated to produce high-qual-
ity graphene flakes by exfoliating KCl–NaCl–ZnCl2 inter-
calation GICs.57 The modified LB films of graphene exhibit 
a sheet resistance of ~930 Ω and a transmittance of ~75% 
after the annealing treatment at 300°C. Their conductivity of 
~91,000 S/m is higher than that of graphene films fabricated 
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by other chemical methods. It was also found that higher 
annealing temperature leads to a smaller sheet resistance and 
higher transparency of graphene films.

A method of one-step exfoliation of an FGIC was devel-
oped to fabricate ESEG materials. The dispersed ESEG 

suspension in water with a surfactant of sodium dodecyl 
benzene sulphonate (SDBS) and in NMP is separately made 
into TCFs with filtration and wet transfer methods. A con-
trast in transparency and resistance between these two films 
has been illustrated. The as-prepared graphene films by using 
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NMP-based suspensions show a poor sheet resistance of min-
imum 2.7 MΩ and a maximum transparency of 86.4% due to 
the introduction of organic groups. The sheet resistance can 
decrease by 1000 times after removal of residual organic mol-
ecules. Lee et  al. reported a sheet resistance of 3 kΩ and a 
transparency of 80% in graphene prepared this way.54

28.4.4 Graphene-baSed polymer CompoSiteS

Graphene-based polymer composites have many potential 
applications due to their impressive properties. Graphene-
based fillers such as graphene, graphite, GO, and graphite 
intercalation compounds can combine with polymer matrices, 
including poly(methyl methacrylate) (PMMA), polystyrene 
(PS), polyvinyl alcohol (PVA), epoxy, polypropylene (PP), 
polyester, silicone foam, polyurethane, poly(vinyldiene fluo-
ride), polycarbonate, etc. Extensive research has been focused 
on graphene-based composite materials with an expectation 
that the electrical conductivity, mechanical characteristics, 
and thermal diffusivity can be improved. By adjusting differ-
ent proportions of fillers or using different polymer matrices, 
desired graphene-based polymer composites can be designed 
for particular applications. The methods such as solution 
mixing, melt blending, as well as in situ polymerization are 
used to create graphene-based polymer composites. In order 
to improve composite properties, GS should be uniformly 

incorporated and homogeneously dispersed in the matrices. 
The method of intercalation and exfoliation of graphite shows 
a preponderance for manufacturing graphene-based polymer 
composites because the graphite intercalation compound 
itself can be directly used to prepare the nanocomposites.

Polymer nanocomposites that are composed of exfoliated 
graphite nanoplatelet (EGN) materials as fillers have revealed 
reinforced properties in electrical conductivity, mechanical 
characteristics, and thermal diffusion. It proves that the large 
interfacial area and high aspect ratio of these fillers lead to 
a low percolation threshold. EGNs with an average particle 
size of 1 µm were uniformly dispersed in phenylethynyl-
terminated polymide (PETI-5) resin. A percolation threshold 
of 5 wt% was achieved in the nanocomposites. It also shows 
that the ductility and roughness of the fracture surface are 
fortified with increased EGN loading.111 Anhydride-cured 
resin-expanded graphite nanocomposites by a combination of 
sonication and shear mixing method show a 15% improve-
ment in elastic modulus over pure epoxy at a loading filler 
of 1 wt%.112 Uniform dispersion and complete exfoliation of 
graphite also contribute to the improvement.

GICs can also be used as a precursor for nanocomposites. 
A styrene–potassium-intercalated graphite nanocomposite 
was fabricated by in situ polymerization. The penetration of 
styrene into the interlayer galleries of potassium-intercalated 
graphite forms a polymerization process in the galleries. 
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Research shows that the conductivity of nanocomposites 
increases with the layer number of intercalated graphite. The 
magnitude of the conductivity of stage IV KC48-polystyrene 
(1.3 × 10−1 S/cm) is eight orders of magnitude higher than that 
of stage I KC8-polystyrene nanocomposites (10−9 S/cm).113

28.5 SUMMARY

Mass production of graphene remains an ongoing chal-
lenge and practical applications are inevitably going to take 
a long time. Many methods have been developed aiming to 
achieve high-quality graphene on a large scale for practical 
applications. Among them, the method of intercalation and 
exfoliation of graphite is an extraordinarily attractive and 
cost-effective routine for producing high-quality and large-
quantity graphene without functional groups. Graphite, with 
an estimated worldwide supply of 800,000,000 tons,114 is 
abundant and a pragmatic precursor material. Monolayer, 
bilayer, trilayer, and few-layer graphene have been fabricated 
by various intercalation and exfoliation methods, which will 
definitely be beneficial to the understanding of graphene prop-
erties and structures, and in turn the boost of its applications.

The type of product or application requirements will deter-
mine the choices of the ideal intercalator, reagents, and exfo-
liation methods. It is of great significance in probing optimum 
routines for complete restoration of the sp2 carbon network 
of pristine graphene or desirable surface functionalization. A 
better understanding of intercalation and exfoliation chemi-
cal reaction mechanism can potentially give a direction and 
guideline in intercalation efficiency, graphene yield, the 
controllable structure of graphite intercalation compounds, 
as well as desirable graphene with specific properties. For 
example, exploration into how the interlayer space and the 
layer number of graphene may impact the capacity and revers-
ible cycles performance of lithium ion batteries will require 
graphene with a controllable layer number and interlayer 
space. Further research on controllable graphite intercalation 

compounds and exfoliation methods will facilitate wide appli-
cations of graphene.

There is another critical issue related to the properties of 
graphene derived from intercalation and exfoliation meth-
ods. Some of them, such as electrical properties, are more 
or less not as good as those of graphene made by the pure 
physical micromechanical method. Therefore, efforts are 
needed to improve these properties by optimizing intercala-
tion and exfoliation processes so as to eliminate the defects 
and induced functional groups. The improvement in physi-
cal properties will expand the application fields to a certain 
extent. The method of exfoliation of graphite via intercalation 
shows numerous advantages for graphene preparation, includ-
ing nearly pristine graphene, sufficient and cost-effective 
starting material, and controllable number of graphene layer 
and interlayer space, all of which will help advance the pros-
pect of graphene applications in the future.

In conclusion, we review graphene prepared by intercala-
tion and exfoliation graphite. This kind of method has a sig-
nificant ability to produce pure and large-quantity graphene 
with a large lateral size. The intact structure, lower thickness, 
and excellent conductance of the produced graphene ensure 
exceptional performance in clean energy, graphene-based 
polymer composites, lithium storage, and TCFs. The tech-
nique presented here opens a way to bring the best graphene 
layers to practical applications.
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29 Formation of Graphene Layers by 
High-Temperature Sublimation 
of Silicon Carbide in Vacuum

D. I. Cherednichenko and A. N. Dmitriev

ABSTRACT

Graphene is a monolayer of hexagonally ordered carbon 
atoms. Owing to its unique properties, graphene has become 
the subject of comprehensive studies. There are three basic 
methods for the production of graphene. Peeling of graphene 
from the surface of pyrolitic graphite crystals forms the 
basis for the first group of methods—mechanical methods 
[1], whose advantages are simplicity, low cost, and the pos-
sibility of producing large-area (~100 µm) samples. However, 
nonuniform thickness and difficult transfer procedure of the 
layer onto the substrates are the main drawbacks that hinder 
the extensive use of mechanical methods. The second group 
is represented by chemical methods. These methods are dis-
tinguished by a high yield of high-quality material; however, 
small dimensions of the samples are a disadvantage. The third 
group includes epitaxial methods and thermal dissociation of 
silicon carbide wafers. Among the advantages of these meth-
ods are: film production with easily controllable thickness 
and high reproducibility of parameters over the entire surface 
of the wafer. In particular, it is this group of methods that is 
the most interesting for the development of technologies of 
microelectronic and nanoelectronic devices.

At present, there are several scientific papers that describe 
the different methods of graphene formation and its proper-
ties. The structure and electric properties of single-layer and 
bilayer graphene are studied in detail in Reference 1. The 

synthesis and characterization of atomically thin graphite 
films on a silicon carbide substrate are studied in Reference 2 
and the electronic structure and transport in these films are 
studied in Reference 3. Also, recent scientific works show 
some prospective methods of graphene formation under low 
temperature and ambient pressure. One of them is the direct 
transformation of amorphous SiC into graphene, which is 
studied in Reference 4. Nowadays, there is considerable atten-
tion being paid to the different properties of graphene films 
when they are obtained in a different silicon carbide lattice 
face. The epitaxial assembly of graphene on face (0001) of 
silicon carbide is studied in Reference 5. In this chapter, the 
method of graphene formation by high-temperature sublima-
tion of silicon carbide in vacuum is described [6].

29.1  SILICON CARBIDE THERMAL 
DISSOCIATION PROCESS: SUBLIMATION 
VAPOR COMPOUNDS

Research carried out by mass spectroscopy [7] show that 
during the sublimation of silicon carbide the main evapo-
rated components are SiC, Si, Si2С, and SiC2. A comprehen-
sive thermodynamic analysis of the sublimation process and 
calculation of the vapor composition were accomplished by 
research under the leadership of Yu. M. Tairov (St. Petersburg 
Electrotechnical University [LETI]) in developing the 
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technology of SiC ingot production by physical vapor depo-
sition (PVD). At present, PVD technology is used by world 
manufacturers of SiC; among these are large-scale corpora-
tions such as CREE and Dow Corning (USA), Philips and 
Siemens (Europe), and Toyota and Sony (Japan), which pro-
duce commercial single-crystal SiC and SiC-based devices.

It should be noted that, if the external pressure is higher 
than the pressure of the saturated Si vapor, all of the compo-
nents involved in the reaction of the dissociation of SiC are in 
the condensed phase:

 SiC(sol) Si(liq) C(sol)⇔ +  (29.1)

It is established that only at T > 3150 K, reaction 29.1 
involves a decrease in the Gibbs free energy: ∆ ∆G H TT T

0 0= − ⋅  
∆ST

0 0< ; therefore, at these conditions, silicon carbide decom-
poses completely (here, ∆HT

0  is the total change in the reaction 
enthalpy and ∆ST

0 is the change in the entropy). The tempera-
ture 3150 K can be considered the limiting temperature that 
limits the  temperature region of the existence of silicon carbide.

At lower temperatures, the process of dissociative evapora-
tion of silicon carbide can be represented by a set of the fol-
lowing reactions [8]:

 SiC(sol) Si(gas) C(sol) Si⇔ + =K P2 ,  (29.2)

 2SiC(sol) Si C(gas) C(sol)2 Si C2⇔ + =K P3 ,  (29.3)

2SiC(sol) SiC (gas) Si(liq,gas)2 SiC Si2⇔ + =K P P4 ,  (29.4)

 SiC(sol) SiC(gas) SiC⇔ =K P5  (29.5)

Here, Ki is the equilibrium constant and Pi is the partial 
pressure in the equilibrium state of the ith component (i = 2, 3, 
4, and 5). The equilibrium constants of reactions 29.2 through 
29.5 are calculated from the isotherms of chemical reactions 
∆G RT KT i

0 = − ln , where R is the universal gas constant.
From the partial pressures of Si, Si2C, SiC2, and SiC in closed 

systems, it is possible to assess the specific features of the sub-
limation process of SiC in the entire temperature region (1500–
3100 K) in a vacuum and in neutral media with respect to SiC, 
for example, in Ar. At temperatures no higher than 2546 K, the 
partial pressure of free Si in the vapor phase is higher than the 
partial pressure of SiC molecules. In this case, the partial pres-
sure of atomic Si is defined mainly by reaction 29.2, since the 
partial pressure of Si formed by reaction 29.4 is much lower in 
the corresponding temperature region. However, in the tempera-
ture range 1500–2546 K, reactions 29.2 and 29.4 proceed simul-
taneously, therefore, the partial pressure of the SiC2 component 
( )SiC2P K P= 4 / Si  must be determined with consideration for the 
constants K2 = PSi and K P P4 = SiC Si2  of reactions 29.2 and 29.4. 
It should be noted that, in the temperature range 1500–2546 K, 
the pressure of Si vapors is lower than the saturation pressure, 
and, therefore, the process of dissociation and the formation of 
the vapor composition occur predominantly in the vapor phase. 
As can be seen from reactions 29.2 and 29.3, the process of 

dissociative evaporation of SiC is accompanied by the formation 
of free carbon in the condensed phase, which gradually accu-
mulates and forms a residual carbon layer on the surface of the 
initial phase [9].

At temperatures higher than 2546 K, reaction 29.3 termi-
nates, since the corresponding change in the isobaric potential 
becomes positive ( ).∆GT

0 0>  As the temperature is increased 
further, the partial pressure of Si in the vapor above the SiC 
surface is controlled by reaction 29.4 only. At temperatures 
above 2900 K, the partial pressure of Si begins to exceed the 
saturation pressure, and, as a result of this, a liquid Si layer 
saturated with dissolved carbon condenses on the sublimation 
surface. In this case, the partial pressure of Si is defined by 
Henry’s law P P aSi Si

sat
Si= ⋅ , and the partial pressure of SiC2 is 

specified by the relation P K P aSiC Si
sat

Si2 /= ⋅4 , where aSi is the 
activity of Si in the C–Si(liq) system and PSi

sat  is the saturation 
pressure of Si in this temperature region.

As the temperature approaches 3150 K, the partial pressure 
of Si becomes equal to the saturation pressure, and the activ-
ity aSi becomes equal to unity. At the temperature 3150 K, 
silicon carbide ceases to exist in the condensed phase.

To calculate the sublimated particle flux into the vacuum, 
we must determine the partial pressures of all the vapor com-
ponents as a function of temperature. This can be more conve-
niently accomplished with the use of the van’t Hoff equation:

 
log .P

A

T
Bi

i
i= +

 
(29.6)

The total pressure in the vapor can be determined in accor-
dance with Dalton’s law:

 

P Pi

i

= ∑ .

 
(29.7)

The thermodynamic coefficients Ai and Bi calculated in 
Reference 8 are given in Table 29.1.

Knowing the pressures of partial components of the vapor, 
we can determine the stoichiometry coefficient by the formula:

 
η( )

( , )
( , )

,T
nP

jP
i h k

i h k

= ∑
∑

Si C
Si C  

(29.8)

where n = 1, 2; j = 0, 1, 2; h = 1, 2; and k = 0, 1, 2 define in 
detail the possible combination of four basic components of the 
sublimation of SiC in the vapor: i = 1, 2, 3, and 4 (Figure 29.1).

29.2  SILICON CARBIDE SURFACE 
SUBLIMATION: FORMATION 
OF GRAPHENE LAYER

The total flux is calculated by Knudsen’s formula. With con-
sideration for all of the components of the vapor, Knudsen’s 
formula takes the form [10]

 

F
P

m kT
i

ii

= ∑ 2π
,

 
(29.9)
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where mi is the molecular (atomic) mass of the ith component 
and k is the Boltzmann constant.

Knowing the flux intensity, we can determine the profile of 
the bottom of the SiC sublimated layer by the formula

 

S x F t dt( ) ( ) ,= ⋅∫Ω
0

τ

 

(29.10)

where Ω is the SiC molecular volume. From chemical 
 reactions 29.2 through 29.5, which describe the process of 
dissociation and the composition of the vapor, we can con-
clude that, during sublimation, all Si atoms that constitute 
the Si sublattice of the SiC crystal escape into the vacuum: 
NSi(SiC) = (ρNA/2M), where ρ is the density of the SiC crys-
tal, M is the molecular mass of SiC, and NA is the Avogadro 
number. Then, in accordance with the law of conservation 
of matter, the number of silicon atoms sublimated from the 
unit area of the substrate into the vacuum can be estimated 
by the formula

 
N

M
N S tASi

* ( ).= ρ
2  

(29.11)

The corresponding number of carbon atoms carried away 
from the unit surface area as part of the Si-containing mol-
ecules can be estimated by the formula

 
N

N
C
*

*

.= Si

η  
(29.12)

29.3 NUMBER OF RESIDUAL CARBON LAYERS

From chemical reactions 29.6 through 29.9, which describe 
the dissociation of SiC, it is evident that in the temperature 
region under consideration, all constituent Si atoms of the 
SiC lattice are removed from the exposed region into the 
vacuum. A small fraction of atoms of the carbon sublattice 
escape into the vacuum with sublimated volatile compo-
nents, but the major fraction forms a residual carbon layer 
on the surface. It can be seen that, during sublimation, the 
sublattice of the residual carbon layer retains its hexagonal 
structure. Under appropriately chosen conditions, it can be 
expected that the electron-beam-assisted heating of the SiC 
surface in the vacuum, to temperatures higher than 1500 K, 
may serve as a basis for an efficient method of graphene 
formation.

The resultant number of residual carbon atoms per unit 
area of the sublimation surface can be determined as the 
difference

 N N NR C C= −( ),*0
 (29.13)

where N M N S tC A
0 2= ( ) ( )ρ/  is the density of carbon atoms in 

the carbon sublattice of SiC per unit area of the sublimated 
layer surface S. If we take into account the fact that the regular 
density of carbon atoms per unit area of the atomic lattice of 
SiC is

 
N

N

M
C
l A= 





ρ
2

2 3/

,
 

(29.14)

TABLE 29.1
Value of Coefficients A and B for Components of Sublimation of Silicon Carbide

Temperature (K) Coefficients

Components of Sublimation

Si (sat) aSi Si Si2C SiC2 SiC

1500–2000 A –22678.67 –4821.83 –27499.8 –34177.2 –34075.8 –41129.4

B 11.4881 1.3235 12.8114 15.1877 15.4274 15.2175

2000–2546 A –21297.12 –5964.16 –27261.32 –33500.33 –33526.61 –40643.59

B 10.7974 1.8946 12.6921 14.8493 15.1528 14.9746

2546–2900 A –21121.09 –5939.48 –27058.32 –32884.31 –33012.65 –40197.68

B 10.7282 1.8849 12.6124 14.6073 14.9510 14.7994

2900–3150 A –21017.36 –5914.54 –26930.96 –32534.5 –32734.33 –39962

B 10.6924 1.8763 12.5685 14.4867 14.8550 14.7182

20

10η

0
1.5 × 103 2 × 103 2.5 × 103

T (K)
3 × 103

FIGURE 29.1 Temperature dependence of stoichiometry of SiC 
sublimation.



472 Graphene Science Handbook

we can determine the total number of residual carbon atomic 
layers that serve as a basis for the formation of the graphene 
structure by the formula

 
N

N

N

N

M
S tG

C

C
l

A= = 





0 1 3

2
ρ /

( )
 

(29.15)

The duration of the process in which the graphene is gen-
erated can be estimated on the basis of the transcendental 
equation:

 
2

2
1

1 3

= =
⋅

⋅





⋅ −





⋅N

N M
N S tG

l a
C

ρ η
η

/

( ).
 

(29.16)

Since the atoms have left the carbon sublattice, the frac-
tion of defects in the residual carbon layer is determined by 
the ratio

 
θ

η
= =

∗N

N t
C

C
0

1
( )

.
 

(29.17)

Through the determination of the stoichiometry coefficient 
and the calculation of the intensity of the particle flow, we can 
calculate the thickness of the graphene layer. For this, we will 
need to find the temperature distribution in the SiC wafer bulk.

29.4 HEATING SOLID RELATED PROCESSES

The rate of temperature rise in the early stage of heating is 
one of the major reasons leading to the occurrence of thermal 
stresses in the bulk material that is subject to heat treatment 
(SiC wafer). When heating one of the wafer surfaces, thermal 
stresses arising in the wafer bulk may significantly exceed the 
tensile strength of the material. When the heating rate of wafer 
is dT/dt, the thermal stress value is estimated by the equation

 
σ α

ν
= ⋅ ⋅

− ⋅
⋅o E h

a

dT

dt

2

1( )
.
 

(29.18)

If the stress exceeds Griffith’s criterion
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(29.19)

then all the initial cracks of supercritical size on the surface 
will lose stability, giving rise to a process of spontaneous and 
irreversible destruction of the plate material. Here, E is the 
Young’s modulus, α is the temperature coefficient of linear 
expansion, h is the thickness of the wafer, ν is the Poisson’s 
ratio, a is the thermal diffusivity of the material, E is the spe-
cific surface energy, G = E/2(1 + ν) is the shear modulus, and 
lK is a critical initial crack size.

Furthermore, if the von Mises stress exceeds the limit value 
σn = 1.0 MPA at high temperatures, the strength of the inter-
atomic bonds no longer withstands acting thermal stresses. As 
a result, the atomic lattice of the material will lose its stability. 
The crystal defects resulting due to plastic deformation will 
then be played in the formation of graphene. Thus, excluding 
the formation of point defects in the structure of the graphene 
optimal sublimation temperature should be selected based on 
the composition of the vapor stoichiometry SiC and a suitable 
rate of temperature rise, based on the marginal value of the 
von Mises stress (Table 29.2).

29.5  HEATING SURFACE BY SCANNING HEAT 
SOURCE: LOCAL MELTING MODE

The problem describing thermal processes in the presence of 
phase transformation on a solid surface, where the boundary 
of the phase transformation is not fixed, but is moving at a 
certain speed, formulated by Stefan refers to a special section 
of the theory of heat conduction [11]. The main purpose of 
the Stefan problem is to determine the motion of the phase 
boundary, since the motion of the phase boundary is gener-
ally unknown. The phase transformation surface temperature 
is also an unknown constant that varies in different stages of 
the process; therefore, the determination of the temperature 
is also a component of the Stefan problem. The problem does 
not always admit an analytic solution and requires special 
methods for its study. A closed solution of the Stefan problem 
when the surface of a solid is exposed to a concentrated scan-
ning heat source is possible only for a certain idealization of 
the process [12].

Localized heating of scanning sources has been used suc-
cessfully in the liquid-phase and solid-phase recrystallization 
of thin layers of polycrystalline silicon on sapphire substrate. 
Electron beam or laser radiation may be used as a source in 
this case [13].

An idealized model assumes that the problem is quasi-sta-
tionary, and the formation of the liquid bath is initiated by a 
linear heat source scanning across the surface of the silicon 

TABLE 29.2
Thermal and Physical Parameters of Silicon Carbide and Amorphous Graphite

λ1 (W/m·K) a1 (m2/c) ρ1 (kG/m3) E1 (N/m2) α1 (1/K) ν1

60 1.28 × 10−5 3200 4.4 × 1011 (2.7 − 4) × 10−6 0.14

λ2 (W/m·K) a2 (m2/c) ρ2 (kG/m3) E2 (N/m2) α2 (1/K) ν2

52 1.258 × 10−5 1900 (1–5) × 1011 (2 − 4) × 10−6 0.2–0.3
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layer with a constant velocity V0. The source in the form of a 
strip of width b is oriented in the direction of the z axis, and 
the configuration of the phase transition is determined by the 
coordinates x and y (Figure 29.2). The source width defines 
the local impact.

Scanning causes “anisotropy” of heat transfer, which 
allows the verification of the dominant direction of heat 
flow near the surface area under the heat source exposure. 
Considering the difference of the velocities of propagation of 
the thermal front, a scan rate of the source can choose the 
mode of action in which the heat transfer is suppressed along 
the surface layer:

 

x

b
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b V
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⋅
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1 2

1
/
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(29.20)

Here, xT is the front of the thermal diffusion path length 
in front of the source and a1 is the temperature conductivity 
of silicon carbide. From Equation 29.14, it follows that when 
xT = 0 in the direction of motion, the heat front does not extend 
beyond the source exposure area. This allows us to consider a 
one-dimensional heat aimed deep into the material. The scan-
ning speed corresponding to this mode is determined by the 
relation

 
V

a

b
0

1= .
 

(29.21)

If we estimate the rate of silicon layer surface heating to 
the melting point by the formula
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T T T
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(29.22)

then, excluding the possibility of cracking of the structure 
during heating, the required temperature of the background 
may be determined by

 
T T
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(29.23)

and limiting rate of temperature rise. Here, Tm is the melting 
point of the silicon material and τ = b/V0 is the residence time 
of the source on an exposure spot.

29.6  CALCULATION OF MELTING DYNAMICS 
AND THE PROFILE OF PHASE BOUNDARY

We divide the impact zone of the heat source for convenience 
of calculation into three specific areas: in the first region, the 
material is heated to the melting point; in the second region, 
the silicon layer melts to the depth S; and the third region is an 
area of crystallization (Figure 29.2).

The original system of equations describing the processes 
of phase transformations in the moving coordinate system can 
be written as [12]

 

d T
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dT
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2

2 0+ = ,
 

(29.24)

where the index i = 1, 2, and 3 corresponds to 1—the liquid 
phase, 2—unmelted film of silicon, and 3—sapphire sub-
strate. The boundary conditions for solving the problem are 
as follows. In the area of influence of a source on the surface 
of the film, the intensity of the heat flux F0 is defined by the 
equation

 
− ⋅ =λi

idT

dy
F0,

 
(29.25)

when y = 0, 0 ≤ x ≤ b.
In the plane of the film interface with the substrate, the 

condition of conjugation temperature and heat flux is assumed 
to be valid:

 T2 = T3,

 
λ λ2

2
3

3⋅ = ⋅dT

dy

dT

dy
,
 

(29.26)

when y = d.
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FIGURE 29.2 Computational model of the process in the (a) melting and (b) crystallization stages.
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The temperature damping condition is valid deep in the 
substrate:

 T3 = T0, (29.27)

when y → ∞.
At the boundary of the phase transformation (at y = S), we 

have the condition of thermal balance:

 
− ⋅ = ⋅ ⋅ − ⋅λ ρ λ1

1
2

2dT

dy
L

dS

dt

dT

dy  
(29.28)

and the temperature is equal to the melting point of the 
material

 T T Tm1 2= = .  (29.29)

Here, λi is the thermal conductivity of the corresponding 
layer, L is the latent heat of phase transformation of silicon, 
and ρ is the density of the silicon layer.

The solution of the formulated problem 29.28 and 29.29 
can be obtained if, based on the similarity of the thermal field, 
we introduce a generalized spatial coordinate [12]

 

ξ = y

V x4 1

.

 
(29.30)

Converting the conditions of the problem with this vari-
able, it can be shown that the temperature distribution in all 
parts of the structure during the melting process (at all points 
x ≥ x0) is
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in the melted part of the silicon layer

 

T T
erfc a

erfc a
m

d

S d
2

0 2

0 2

= ⋅ + ⋅ ⋅
+ ⋅ ⋅











ω ξ β ξ
ω ξ β ξ

( ) ( )

( ) ( )
,

Γ
Γ

/

/
 

(29.32)

in the unmelted part of the silicon layer
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Here, the notation β = (λ2/λ3) · (a3/a2)1/2, ω0(ξ)  =  erf(ξd/ 

a erf a2 2) ( ),− ξ/  ξd d V x= / /4 , Γ = − ⋅exp[ ξd
2  (1 − a2/a3)/

a d V x2 4] ,/ /  and β1 = (π · a1/V · λ2)1/2.
Having found the temperature gradients that act in the 

plane of phase boundary by using Equations 29.31 and 29.32, 

we can substitute them in the heat balance Equation 29.28 and 
thus obtain an equation for the parameter ξS:
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(29.34)

From the transcendental Equation 29.34 can be found 
parameter ξS value corresponding to a given treatment regi-
men. Further, the configuration the phase transformation 
boundary can be determined by the equation
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Here, x = (x1 − x0) and x0 is the front coordinate of the edge 
of the molten bath. The initial coordinate of melting on the 
surface of the silicon layer can also be found from Equation 
29.34 on condition ξS S=

=
0

0
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(29.36)

According to formula 29.35, the maximum melting depth 
Sm established at the rear edge of the heating source impact 
area on condition x = xm = (b − x0).

29.7 CRYSTALLIZATION OF THE MELT

In formulating the problem for the crystallization zone us 
transform the system of coordinates, placing the origin at the 
intersection of the plane of the rear edge of the source to the 
plane of conjugation with the substrate. In this case, it should 
take into account that the boundary of the phase transforma-
tion during crystallization changes direction. In addition, the 
normal mechanism of crystallization assumes that, during the 
process phase, the boundary remains flat and the crystalliza-
tion rate is proportional to the degree of supercooling of the 
growth surface:

 
V

dS

dt

dS

dx
V K TK

K K
f= = ⋅ = ⋅ ∆ ,

 
(29.37)

where K is the kinetic coefficient characterizing the rate of 
mass transfer from the melt to the surface of crystallization, 
ΔTf = (Tm − Tf) is the degree of supercooling of the crystalliza-
tion surface, and Tf is the temperature the phase transforma-
tion boundary.

The main unknowns of the problem at this stage are the 
speed of the crystallization front and the temperature of the 
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phase transformation boundary for the dependence of the 
rate of the degree of supercooling of the melt. When grow-
ing single-crystal ingots, the constancy of speed of growth 
is determined by the heat sink of the phase transformation, 
which should be sufficient to maintain a constant degree of 
supercooling at the growth front. Melt crystallization after the 
scanning exposure of the heat source is also a self-consistent 
process, but the nature of this process depends on the inten-
sity of the latent heat of the heat sink and on the velocity of 
the heat source.

Considering the process of melt crystallization of the sub-
strate, it can be assumed that the thickness of the crystallized 
layer is determined by the expression

 
S

x

V
K = ⋅ ⋅2 0β ,

 
(29.38)

where the parameter β0 is subject to determination by the con-
dition of the heat balance on the border of crystallization at 
y = Sk, the same as defined by the ξS parameter in determining 
the melting depth.

In the plane of maximum melting, the surface temperature 

of the melt is equal to T T F x erf aK m S= + ⋅ ⋅ ⋅0 1 1β ξ[ ( )]./  
The area of the melt, warmed up to this temperature, is at the 
rear edge of the source.

The temperature at the posterior border of the source 
determines the overheating of the melt and is used as the first 
boundary condition in the determination of the temperature 
field in the crystallization

 T1 = TK, (29.39)

when y = Sm, x = (x1 − b) = 0.
The condition of thermal balance, taking into account 

Equation 29.37 for the scanning source, can be written as
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where χi = λi/L · ρ. From Equation 29.40 follows
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In the depths of the substrate at −y, x → ∞, as in the melt-
ing zone, we have condition (29.27). An additional condi-
tion is a simplifying assumption that the thermal properties 
of the liquid and solid phase’s polysilicon layer are equal, 
and in the plane of the conjugation with the substrate there 
is a thermal resistance 1/H (H ≅ λ2/δ, where δ is the thick-
ness of the unmelted part of the polysilicon layer). Owing 

to thermal resistance, the boundary condition at y = 0, x > 0 
has the form
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(29.42)

In using variable (29.30), the problem of melt crystallization 
(29.39) through (29.42) takes the form, for which there is an ana-
lytic solution in closed form, which can be obtained using the 
methodology developed under the direction of B. J. Lyubov [11].

The temperature distribution, which is set in the crystalli-
zation zone under a scanning source that satisfies the specified 
boundary conditions, is almost identical to the ratios obtained 
in Reference 11 if the duration of the process represented as 
t = x/V:
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in the liquid phase,
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in the unmelted part of the layer, and

T
T erf a

erf a

V

x K a

K
3

2 3

0 2

1 2
0 0

2

2

= + ⋅
+

−





⋅ ⋅




θ ζ
β β

β β

∆ ( )

( )

exp
/

/

/





 + ⋅ ⋅

+( )














⋅ −






∆T H

erf a a
K λ β

β β
ζ2 2

0 2

2

3( )
exp

/

 (29.45)

in the substrate.
Here, ΔTK = (Tm − T0) is the temperature difference, which 

determines the intensity of the heat sink through the solid phase; 

ΔTH = (TH − Tm) is the overheating of the melt; ζ = ⋅y x V/ /2 ; 

β0 2= ⋅S x Vk / / ; β π2 2= ⋅ a ; θ β1 0 2= − ⋅T T erf am H ( );/  and 

θ β β2 0 0 2= ⋅ − ⋅T T erf am ( )./
The first condition 29.40 taking into account Equations 

29.43 and 29.44 allows the writing of a transcendental equa-
tion for determining the parameter β0:
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With the known parameter value β0, by formula 29.38, we 
find the thickness of the crystallized layer Sk and depth of the 
liquid phase in the crystallization zone:

 
S S
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V
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(29.47)

From the second Equation 29.40, it follows that supercool-
ing at the crystallization front varies in accordance with
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and the speed of movement of the front

 
V

V

x
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(29.49)

29.8  SUBLIMATION OF THE SiC SURFACE 
BY SCANNING HEAT SOURCE

The process of heating a structure that is composed of sili-
con carbide substrate disposed on the cap of the substrate 
holder is implemented in two stages. In the first stage, the 
background temperature of the cap of the substrate holder is 
warmed up by a heat source of constant power that is located 
under the cap. A convenient heater in this case may be a 
stream of accelerated electrons emitted by a directly heated 
tungsten (molybdenum) cathode. In this case, the graphite 
cap of a substrate holder is used as the accelerating electrode. 
In the second stage, a scan source above the top surface of the 
SiC wafer is activated.

The initial system of equations can be written as in the pre-
vious paragraph, except that in this case, there is a two-layer 
structure, and indexes i = 1, 2 match; 1—SiC layer, 2—graph-
ite table, on which the SiC wafer is located.

Uniform heat flows from the preheating source set at the 
lower surface of the cap (y = 0) as −λ2·dT2/dy = Fo and in 
the plane of contact between the surface of the SiC wafer 
and the substrate holder at y = h. The temperatures equality 
T1 = T2 and heat flow continuity λ1·dT1/dy = λ2·dT2/dy takes 
place to be.

The stationary regime of the process is set if during heat-
ing the lower surface of the substrate holder by the heat source 
of constant power, from the top surface of SiC wafer (sublima-
tion surface) there is an equal intensity heat emission flux:
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Applying automodel variables, the distribution of back-
ground temperature in the cap of the substrate holder is 
obtained in the form of
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for a wafer of silicon carbide. Here, notation β α π λ1 1 1= ⋅ ⋅ ⋅a t  

and β α π λ2 2 2= ⋅ ⋅ ⋅a t .
Since even the fixed power source temperature rises expo-

nentially in the wafer, adjusting the feed rate of the source 
power factor can also be approximated by an exponent:

 
F t F t F to o( ) ( ) exp( ) .= ⋅ = ⋅ − − ⋅( )Θ 1 χ

 (29.52)

By setting the temperature of the contact surface of the 
structure (y = h) equal to the background temperature T2 = T0, 
formula 29.51 can determine the necessary power of a heat 
source. The maximum heat flux radiated from the surface of 
sublimation is FS = TS·α. Here, factor α ≅ 20 W/m2·K is the 
first term in the radiated heat flux approximation [14] esti-
mated by the average temperature of sublimation. Then, after 
we find the allowable temperature rise rate, we determine the 
parameter that controls the flow of power:
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(29.53)

The necessary power of source heating is determined from 
the steady-state thermal condition of the structure with appro-
priate background temperature Fo = T0·α.

29.9 HEATING OF SCANNING SOURCE

The task of heating the SiC wafer on top by the scanning 
source is considered independent. At the same time, the tem-
perature obtained by preheating is a background and is treated 
as a superposition of the temperature T1 = T1(x) + T0.

The problem is formulated in a standard way, given the 
fact that the heating by the scanning source of structure is 
carried out by the upper surface of the SiC wafer. Therefore, 
there is a change of the direction of heat flow, and in accor-
dance with it, there is a change of the direction of vertical axis 
(Figure 29.2). The condition of the heat flux recorded for the 
top of the surface SiC (y = 0) and the condition of decreasing 
of the temperature in the depth of graphite table T2 = T0 (when 
y ~ ∝). In the plane of the SiC wafer adjacent to the surface, 
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the mounting table (y = d, x ≥ 0), the equation temperatures, 
and the continuity of heat flow still hold.

Transforming the conditions of the problem with the self-
similar variable, we determine the distribution of temperature 
on the SiC wafer in a real system of coordinates:
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and
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in the graphite table. Here, the notation β = (λ1/λ2)·(a2/a1)1/2, 

Γ = − ⋅ − exp ( ( )) ,ζd a a a2
1 2 11 /  and ζd d V x= ⋅/ /4 .

Assuming the sublimation temperature TS, which is estab-
lished at the rear boundary of the source (x = b), using formula 
(29.54), the required impact of the power can be determined:
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The self-similar parameter of the thermal field in the 
area of sublimation can be determined by the temperature 
distribution:
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as well as the position of the isotherm sublimation in the bulk 
of the SiC wafer in the area of the heat source:
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Here, y yb x b
=

=
 and the longitudinal coordinate within the 

sublimation zone varies: 0 ≤ xS ≤ x. The length of the sublima-
tion zone is defined as the difference:

 ∆x b x= −( ),0  (29.59)

where x0 is the initial coordinate on the surface of the SiC 
wafer (y = 0) in which the sublimation process is initiated. 

The initial temperature of sublimation of silicon carbide 
(Table 29.1) TS0 = 1500 K [8] (Table 29.3).

29.10  TEMPERATURE FIELD IN THE “WAKE 
ZONE” OF SCANNING SOURCE

In the formulation of the problem for the calculation of the 
temperature field in the zone of a moving source, the coordi-
nate system must be converted, as before, placing the origin 
x = 0, y = 0, and z = 0 at the plane of conjugation of the SiC 
wafer and substrate holder. The main issue here is also the 
definition of the spatial position of the isotherm of sublima-
tion, by which it will be possible to determine the extent of 
the area following the source, within which the sublimation 
process can continue. The temperature to which the SiC wafer 
surface is heated at the rear boundary of the source in the 
wake zone is used as the first boundary condition:

 T TC M1 = ,  (29.60)

when y = d, x = 0, and z ≥ 0. In the plane of the SiC wafer con-
jugation with the substrate holder cap (x ≥ 0, y = 0, z ≥ 0), we 
have continuity of temperature and heat flux. An additional 
condition is a simplifying assumption that the heat coming 
from the scanning source is primarily consumed for heating 
the structure and the radiative heat loss from the surface of 
the SiC wafer is reimbursed by the background heater. The 
attenuation of the bulk temperature of the substrate holder cap 
is taken as the third condition at −y, x → ∞:

 T TC2 0= .  (29.61)

Applying the automodel variable problem for the cooling 
region of the SiC wafer can be converted to the form in which 
it has an analytical solution in closed form.

The temperature distribution, which is established in the 
cooling zone following the scanning source that satisfies the 
stated conditions of the problem, has the form
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in the SiC wafer and
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in the bulk material. Here, β λ λ= ⋅( )2 1 2 1/ / .a a

TABLE 29.3
Thermal and Physical Parameters of Silicon

λSi (W/m·K) LSi(kJ/mol−1)
(Liquid) ρSi 

(kG/m3)
(Solid) ρSi 
(kG/m3) tf (K)

149 50.21 2570 2329 1687
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The length of the section on the surface of the SiC wafer 
within which the temperature is maintained above the sub-
limation temperature can be found from a transcendental 
equation:
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After determining the coordinates x0, at which the temper-
ature on the upper surface of the wafer is equal to the initial 
SiC sublimation temperature T1 = TS0, we find the correspond-
ing automodel parameter:
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Using the formula of the automodel parameter, we can 
obtain an equation to calculate the profile of the sublimation 
isotherm:
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where yM is the coordinate in the plane of the posterior border 
of the source, at a depth at which the temperature corresponds 
to the initial temperature of the sublimation temperature of 
TS0 = 1500 K. In accordance with formula 29.64 at x = x0, 
the sublimation isotherm goes up at the top surface of the 
SiC wafer (y = d), and becomes the end point of sublimation 
(Figure 29.3).

From formula 29.64, it can also be seen that as x increases, 
the function erfc(1/x) becomes equal to unity, and the equa-
tion becomes independent of the spatial coordinates, and is 
determined only by the thermal parameters of the structure 
and superheat degree (TM > TS0) of the SiC surface in the 
impact area of a source:
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Thus, depending on the selected temperature of sublima-
tion, and its corresponding background temperature, which 

should be maintained during the whole process, the tempera-
ture in the wake region can be more than the initial sublima-
tion temperature for sufficiently long, creating conditions for 
the formation of graphene.

29.11  FORMATION OF GRAPHENE AT 
STATIONARY HEAT REGIME

The formation of graphene by the scanning heat source vac-
uum system should have two independent sources of heat. 
The lower stationary source heats the structure to the back-
ground temperature, and the upper scanning source defines 
the desired mode of sublimation. Both sources operate in dif-
ferent modes, which require two sets of equipment to provide 
management. Control and optimization of process conditions 
is greatly simplified if the sublimation process is carried out 
at a fixed temperature. The preferred temperature is 1500 K, 
at which the maximum value of the stoichiometry coefficient 
activates the rate of formation and improves the overall qual-
ity of the structure of graphene.

Using this method of formation of graphene, the bilayer 
structure, a table-wafer of the SiC, is warmed from one heat 
source with constant power, acting on the lower surface of the 
mounting table. In accordance with this, there is a change of 
direction of the vertical axis coordinates: the lower surface of 
the table, perceiving the heat, is at the coordinate origin, and 
the sublimation surface is located on the upper surface of the 
SiC wafer.

The heating can be carried out at room temperature, while 
the distribution of temperature in the SiC wafer is determined 
by the formula
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(29.68)

Accordingly, the stationary temperature of the surface of 
sublimation during the formation of graphene will be equal to 
TS = Fo/α (Figures 29.4 and 29.5).

The possibilities of this method are extended if rotation 
is provided in the process chamber and the mounting table 
set in the form of a whirligig. This will equalize the heat and 
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FIGURE 29.3 Temperature distribution in action area of local scanning heat source (a) in the area of melting and (b) in the area of crystallization.
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increase the productivity by location of a sufficient number of 
SiC wafers to the mounting table. For the calculation in this 
case, it is necessary to substitute t = x/V in formula 29.68.

29.12  INFLUENCE OF PRESSURE IN 
THE STREAM OF PARTICLES

In the method of producing single-crystal SiC of condensing 
from the sublimated flux of silicon carbide charge, argon is 
usually used as a protective gas in the growth chamber. The 
total vapor pressure of the sublimate molecules and argon has 
significant effects on the coefficient of diffusion in the vapor-
gas flux [15].
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(29.69)

which allows to optimize the growth rate. Here, P0 is the 
atmospheric pressure, Pa is the pressure of inert gas, P is the 
total pressure of component sublimation, T1 is the temperature 
in the vapor, T0 = 300 K, and D0 = 10−5 m2/s is the factor that 
determines the dimension of the formula.

However, during the formation of graphene, increas-
ing vapor pressure with increasing temperature, even in the 
absence of argon, may change the mechanism of transport 

of particles in the chamber. As a result of multiple collisions 
between the molecules in the flux, with increasing pressure, 
the transfer becomes diffusion. If we define the intensity of 
the diffusion flux
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and depth of sublimation layer
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it becomes apparent that with increasing pressure the forma-
tion of graphene will be blocked.

Values of the parameters used for the numerical count and 
the obtained values are shown in Table 29.4.

29.13 CONCLUSION

The possibility of graphene formation by the dissociative 
evaporation of the surface of silicon carbide in vacuum was 
shown in this chapter. The main factors are established, 
the kinetics of the process determined, and the calculation 
methods of the process of graphene formation developed. It 
is shown that in terms of implementation and hardware, the 
optimal process of graphene formation is the process with the 
stationary heating mode.
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30 Graphene/TiO2 Nanocomposites
Synthesis Routes, Characterization, 
and Photocatalytic Performance

Malgorzata Aleksandrzak and Ewa Mijowska

ABSTRACT

Because of its unique electrical properties, high surface area, 
and high adsorption capacities, graphene has been found to 
be an amazing nanocarrier of guest molecules such as TiO2 
[1–5]. Hybridization of titania with two-dimensional carbon 
nanomaterial influences the enhancement of its photocata-
lytic activity. The electronic interaction between graphene 
and titanium dioxide has an effect on the excited electrons 
transferring from the conduction band of TiO2 to the surface 
of graphene, hence improving the separation of the elec-
tron–hole pairs, preventing their recombination, and improv-
ing the photocatalytic efficiency [3,6,7]. Furthermore, TiO2 
conjugation with graphene influences its band gap energy 
decrease, thus shifting the absorption threshold to the visible 
light region and allowing utilization of solar energy [8]. In 
this chapter, the methods used for the preparation of titanium 
dioxide–graphene photocatalysts, proposed mechanisms of 
graphene effect on the photocatalytic activity of TiO2, and 
applications of these composites on the photocatalytic degra-
dation of pollutants, hydrogen generation, solar cells produc-
tion, and others are reviewed.

30.1 INTRODUCTION

Photocatalytic materials have been studied to attenuate the 
worsening of natural environments created by toxic pollut-
ants and the depletion of energy resources by CO2 conversion 
into renewable fuels, water splitting for hydrogen produc-
tion, and development of solar cells, by utilizing light energy 
[9–11]. Titanium dioxide is considered as a suitable material 
for different photocatalytic applications because of its high 
photocatalytic activity, low toxicity, low cost, and long-term 
stability [12]. However, a large band gap energy of TiO2 
(~3.0 eV for rutile and 3.2 eV for anatase) limits its use only 
to the narrow light-response range of ultraviolet (UV), which 
contributes less than 5% of the total energy of the solar spec-
trum [13]. Therefore, the modification of TiO2 toward shifting 
the absorption threshold to the visible light region to allow 
the utilization of solar energy is highly required. Recently, 
because of its unique electrical, thermal, mechanical, and 
optical properties, two-dimensional (2D) graphene has been 
explored as a suitable carrier of TiO2 nanoparticles (NPs). 
Hybridization of TiO2 with graphene results in not only the 
decrease of the band gap energy, thus shifting the absorption 
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threshold to the visible light region, but also in the preven-
tion of the recombination of photogenerated electron–hole 
pairs, increase of the charge transfer rate of electrons, and 
increase of the amount of surface-adsorbed chemical mol-
ecules through π–π interactions with graphene [14,15].

30.2  SYNTHESIS ROUTES OF TITANIUM 
DIOXIDE–GRAPHENE NANOCOMPOSITES

So far, many methods have been developed to synthesize 
TiO2–graphene nanocomposites, among others: hydrother-
mal and solvothermal methods [16,17], sol–gel process [18], 
hydrolysis [19], impregnation [20], liquid-phase deposition 
[21], and others [22–24]. Additionally, several papers have 
been reported on TiO2 comodification with metals [25], 
metal oxides [26], metal salts [27], and semiconductors [28] 
to enhance the photocatalytic performance of TiO2–graphene 
composites. Figure 30.1 presents the scheme of preparation 
methods of TiO2–graphene nanocomposites.

30.2.1 Solvothermal and hydrothermal methodS

Both solvothermal and hydrothermal processes are operated 
at a controlled temperature and pressure, during which gra-
phene oxide (GO) undergoes reduction with TiO2 NPs being 
simultaneously deposited on the carbon substrate [16,29–37].

The first paper on the hydrothermal preparation of TiO2–
graphene was reported by Hao Zhang et al. [16]. They used a 
simple, one-step procedure, where GO with the commercial 
P25 was dispersed in a water–ethanol solution, followed by 
pouring into an autoclave and heating to 120°C for 3 h. They 
found that during the hydrothermal reduction, carboxylic 
groups of GO interacted with the surface hydroxyl groups of 
P25 NPs, leading to the creation of a chemically bonded P25-
reduced GO photocatalyst. The obtained composite showed 

the enhanced adsorptivity, extended light absorption range, 
and efficient charge separation properties in comparison to 
pristine TiO2.

Zeng et  al. used titanium(IV) sulfate(VI) (Ti(SO4)2) as 
a TiO2 precursor in a hydrothermal method [38]. In this 
route, Ti(SO4)2 was dissolved in distilled water, and quickly 
mixed with cetyl trimethylammonium bromide (CTAB) 
water solution, followed by different GO contents addition 
into the mixture and hydrothermal treatment in an autoclave 
at 100°C for 72 h. To create the anatase phase of TiO2, the 
obtained material was further calcined at 500°C in nitrogen. 
In turn, Md. Shah et al. presented a one-step hydrothermal 
reaction using titanium(IV) chloride (TiCl4) as a substrate, 
without reducing agents and any surfactants [39]. During 
this process, hydrolysis of TiCl4 and mild reduction of GO 
were simultaneously carried out under hydrothermal condi-
tions. The prepared photocatalysts contained both the ana-
tase and rutile phases and showed enhanced photoactivity 
compared to P25 in the process of rhodamine B degrada-
tion. The authors investigated the effect of reduced graphene 
oxide (RGO) concentration in the nanocomposites, and 
showed that the best photocatalytic activity was observed 
for the composite containing 2.0 wt% of RGO. Other titania 
precursors in hydrothermal processes can be found in the 
literature, for instance, tetrabutyl titanate (Ti(OC4H9)4) [31] 
and peroxotitanium acid (Ti(OH)y(OOH)z) [40].

Pan et al. also utilized the hydrothermal method for prepa-
ration of TiO2–graphene photocatalysts with different titania 
morphology [41]. They demonstrated that TiO2 nanowires 
(NWs) in comparison to NPs had more uniform disper-
sion on graphene with less agglomeration. This resulted in 
more direct interaction between titania and graphene, hence 
improving electron–hole pairs separation and transportation, 
much higher adsorbtivity, and finally much higher photocata-
lytic activity.

Electron-beam evaporation (23)

Chemical vapor
deposition (53)

Impregnation
(20)

Mechanochemical
(99)

Electrospinning
(22, 75)

Hydrothermal
(16, 30–42)

Sonochemical
(61, 100)

Cyclic voltammetric
electrolysis (52)

Spin-coating
(76)

Electrophoresis
(24)

Microwave-assisted
combustion (77)

Fabrication methods
of TiO2–graphene
nanocomposites

Sol–gel
(48–50)

Solvothermal
(17, 43–47)

FIGURE 30.1 Scheme of preparation methods of TiO2–graphene nanocomposites.
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Lee et al. reported TiO2–graphene nanocomposite prepa-
ration via wrapping amorphous TiO2 with GO, followed by 
hydrothermal treatment for the crystallization of TiO2 from 
the amorphous to anatase phase and GO reduction [42]. 
Before the hydrothermal process, titania was amine function-
alized by using 3-aminopropyltriethoxysilane (APTMS) to 
achieve the coassembly of positively charged TiO2 with nega-
tively charged GO.

TiO2–graphene composites can also be obtained by sol-
vothermal methods employing titanium(IV) isopropoxide 
(Ti(OC3H7)4), titanium tetraisopropoxide (Ti(OC3H7)4) with 
TiCl4, tetrabutoxytitanium (Ti(OC4H9)4), and titanium(IV) 
fluoride (TiF4) as precursors, and ethanol containing glacial 
acetic acid, ethanol containing pluronic P123, glycol, ethyl-
ene glycol with poly(N-vinyl-2-pyrrolidone), 1-butanol with 
hydrofluoric acid, and isopropyl alcohol with fluoric acid as 
solvents [17,43–47].

30.2.2 Sol–Gel methodS

The presence of hydroxyl groups in GO makes it soluble in 
water and allows the creation of oxo- or hydroxo-bridges with 
metal centers. In the sol–gel process, the titanium dioxide pre-
cursor (predominantly titanium alkoxide) undergoes hydroly-
sis, during which the metal centers interconnect via oxo- or 
hydroxo-bridges, and presumably, these can be interspersed 
by a hydroxo-connected GO sheet to form a sol, which evolves 
into a gel-like diphasic structure with an increasing amount of 
added GO [48].

Manga et al. [48] reported that the addition of aqueous GO 
solution into ethanol titanium alkoxide sol results in rapid 
hydrolysis, hence affecting in the rapid precipitation of TiO2, 
and precluding gelation. To overcome the problem of poor GO 
dispersion in ethanol-based sol systems and the rapid hydro-
lysis of the titanate sol by the aqueous solution of GO, the 
authors utilized ionic salt titanium(IV) bis(ammonium lac-
tate) dihydroxide (TBA), because of its good water solubility 
and good mixing with GO solutions.

Lee et al. [49] demonstrated a facile method for fabrication 
of TiO2 nanorods–graphene composites with well-dispersed 
TiO2 nanorods on graphene sheets by using a nonhydrolytic 
sol–gel reaction. In this method, TiCl4 was injected into GO 
dispersion in oleylamine (CH3(CH2)7CH═CH(CH2)7CH2NH2), 
and the process was conducted at 290°C, under nitrogen atmo-
sphere for 15 min. The reaction was quenched by the addition 
of toluene. The population of TiO2 nanorods on the graphene 
surface were controlled by adjusting the concentration of GO.

Some modifications of the sol–gel process can be found in 
the literature. For instance, Nguyen et al. proposed the utiliza-
tion of short-duration microwave irradiation after hydrolysis 
of the titania precursor. During microwave irradiation, GO 
absorbed microwaves and heated the system to a high temper-
ature, where amorphous TiO2 underwent crystallization into 
the anatase and rutile phase, with different ratios of anatase/
rutile, depending on the GO content, resulting in different 
microwave absorption and temperature rise [50]. Transmission 
electron microscope (TEM) images of TiO2–graphene 

composites prepared with hydrothermal, solvothermal, and 
sol–gel methodologies are presented in Figure 30.2.

30.2.3 other methodS

Pan et al. developed the electrophoretic method to produce 
graphene quantum dots (GQDs)-sensitized TiO2 nanotube 
arrays (TNAs) [24]. GQDs were synthesized via the ultra-
sonication-assisted oxidization of graphene sheets in concen-
trated H2SO4 and HNO3 followed by hydrothermal cutting. 
Their lateral size was between 10 and 30 nm, while their 
height was from 1 to 10 nm. The obtained GQDs were next 
negatively charged, and moved toward positively charged 
titanium dioxide nanotube arrays by applying a positive bias 
potential of 6 V to the TNAs. The obtained heterojunction 
exhibited firm binding, excellent photostability, and high 
cycling stability.

An efficient, multistep preparation of graphene-encapsu-
lated hollow TiO2 nanospheres was developed by Zhang et al. 
[51]. In this process, first, SiO2 nanospheres were coated with 
a TiO2 layer, next the coassembly of amine-modified TiO2–
SiO2 nanospheres and GO proceeded, then the calcination 
process was carried out, during which the TiO2 layer was 
transformed into anatase and GO underwent thermal reduc-
tion to graphene, and finally, the inner SiO2 template was 
etched. In this process, graphene plays a substantial role in 

FIGURE 30.2 TEM images of TiO2–graphene composites pre-
pared by sol–gel (a, b) (Reprinted from J. Hazard. Mater., 219–220, 
Lee, E. et al., Synthesis of TiO2 nanorod-decorated graphene sheets 
and their highly efficient photocatalytic activities under visible-
light irradiation, 13–28, Copyright 2012, with permission from 
Elsevier.), hydrothermal (c) (Reprinted from J. Alloys Compd., 516, 
Zeng, P. et al., Graphite oxide–TiO2 nanocomposite and its efficient 
visible-light-driven photocatalytic hydrogen production, 85–90, 
Copyright 2012, with permission from Elsevier.), and solvother-
mal (d) (Reprinted from J. Colloid Interface Sci., 386, Zhang, Z. 
et al., One-pot, solvothermal synthesis of TiO2–graphene compos-
ite nanosheets, 198–204, Copyright 2012, with permission from 
Elsevier.)
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inhibiting the aggregation of TiO2 grains upon calcination at 
high temperature.

Production of graphene–TiO2 was carried out by using 
cyclic voltammetric electrolysis, developed by Tang et al. [52]. 
They utilized a three-electrode configuration with annealed 
TiO2 nanotubes/Ti foil as a working electrode, a Pt foil as the 
counterelectrode, and a saturated calomel electrode (SCE) as 
the reference electrode. They found that the amount of RGO 
deposited on TiO2 nanotubes could be controlled by adjusting 
the number of potential cycles.

Another method to produce graphene-based TiO2 nano-
composites is chemical vapor deposition (CVD) with TiO2 and 
acetylene used as a substrate and carbon feedstock, respec-
tively [53]. In this process TiO2 nanocrystals were coated by 
a thin layer of graphitic carbon and higher CVD temperature 
and the longer reaction time resulted in enhanced deposition 
of carbon. It was found that the material exhibited higher 
photoactivity under visible light and lower activity under 
ultraviolet–visible (UV–vis) light irradiation in comparison 
to pristine TiO2.

30.2.4  tio2 ComodiFiCation with Graphene 
and other CompoundS

The possibility that the comodification of TiO2–graphene-
based nanocomposites with metals or other compounds might 
enhance the photocatalytic activity of the materials due to 
increased light absorption intensity, reduction of electron–
hole pair recombination, and other factors dependent on the 
method of modification. Table 30.1 presents methods of syn-
thesis of nanocomposites based on TiO2 comodified with gra-
phene and other compounds/elements and their applications 
in photocatalysis.

Several papers about nitrogen-doped TiO2–graphene 
photocatalysts were reported [54–57]. Mostly, the process 
of N-doping of titanium dioxide is carried out by using sol–
gel or solvothermal methods, with urea or 1,2-diaminoeth-
ane as nitrogen precursors, followed by a nanocomposite 
with graphene production via the hydrothermal route [54–
56]. However, Gao et  al. developed a one-step combustion 
method using urea and titanyl nitrate as the fuel and oxidizer, 

TABLE 30.1
Methods of Synthesis of TiO2-Based Nanocomposites Comodified with Graphene and Other Compounds/Elements 
and Their Applications in Photocatalysis

Comodification 
Method

Element/
Compound Preparation Method Application References

Metal and its 
compound

Au Constant-potential electrolysis Degradation of methyl orange under simulated 
solar light

[99]

Al Thermal evaporation followed by the self-assembly 
method

Organic solar cells [101]

Pt Microwave-assisted method Degradation of rhodamine В under UV–vis light [85]

Ag • Solvothermal method, followed by chemical 
reduction of Ag precursor

• Sol–gel followed by chemical reduction of Ag 
precursor

• Electrodeposition and photoreduction processes

• Degradation of methylene blue under vis light
• Degradation of methylene blue under vis light
• Degradation of herbicide 

2,4-dichlorophenoxyacetic acid from water 
under simulated solar light

[25,52,59]

Ag/AgBr Solvothermal process, followed by the 
photoreduction method using LEDs irradiation

Degradation of penicillin G under vis light [60]

Ag2Se Sonochemical synthesis Degradation of rhodamine В under vis light [61]

Fe Sol–gel followed by hydrothermal methods Degradation of methyl orange under vis light [63]

Fe3O4 Hydrolysis followed by chemical precipitation 
method

Degradation of rhodamine В under UV light [103]

ZnO Microwave-assisted reduction Reduction of Cr(VI) under UV light [64]

Cu Sol–gel followed by hydrothermal methods Degradation of methyl orange under vis [104]

CuO Hydrothermal Degradation of methylene blue under UV and 
vis light

[62]

CdS Solvothermal and hydrothermal processes Photocatalytic selective oxidation of alcohols [27]

CeO Sol–gel process followed by the hydrothermal 
method

Degradation of 2,4-dichlorophenoxyacetic acid 
and Reactive Red 195 under UV

[26]

Bi2O3 Hydrothermal Degradation of rhodamine В under vis light [100]

La Hydrothermal Degradation of methylene blue under vis light [102]

Nonmetal N Hydrothermal • Hydrogen generation under UV and vis light
• Degradation of methyl orange under vis light
• Degradation of benzoic acid under solar light

[54–56]

F Hydrothermal Degradation of methylene blue under UV light [105]

Polymer Nylon Electrospinning and hydrothermal Degradation of methylene blue under UV [75]
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respectively [57]. Min et  al. demonstrated that a nitrogen 
anion expands the visible light absorption region of TiO2 and 
accelerates the electron transfer in the graphene network as a 
highway [56].

The other method to improve the photocatalytic activity 
of graphene-based TiO2 photocatalysts is their modification 
with noble metals and their compounds, for instance, Au, Ag, 
Ag–AgBr, Ag2Se, or CuO [52,58–62]. Ag comodification can 
be realized via chemical reduction or photodecomposition of 
AgNO3 [52,58]. The enhancement of photocatalytic activity is 
associated with a fast photogenerated charge separation due to 
the formation of a Schottky junction between TiO2 and Ag NPs, 
high electron mobility of graphene sheets, and broad absorp-
tion in the visible light region [58]. Wang et al. [60] produced 
an Ag–AgBr–TiO2–graphene photocatalyst in a solvothermal 
process of GO, cetyltrimethylammonium bromide, titanium 
butoxide, AgNO3, and ammonia, during which GO underwent 
reduction and titanium dioxide crystallization proceeded. The 
obtained material was further treated under white light-emit-
ting diodes (LEDs) irradiation, when AgBr was decomposed 
to Ag NPs. The authors proposed potential multiplex syner-
gism among these components in nanocomposite systems. For 
example, the surface plasmon resonance effect from Ag NPs, 
visible light response from AgBr, vectorial electron transfer 
in the AgBr–Ag–TiO2 nanojunctions, and interfacial electron 
transfer in the RGO sheets (presented in Figure 30.3). Fang 
et al. proposed a one-step hydrothermal method to produce a 
CuO–comodified TiO2–graphene photocatalyst, by using GO 
as a template and Cu(CH3COO)2 ⋅ H2O and (NH4)2 TiF6 as pre-
cursors [62]. The process was carried out at 180°C for 24 h. 
They proved that the carbon platform played an important 
role during the photodegradation of methylene blue in three 
aspects: increased catalyst adsorptivity, extended light absorp-
tion, and suppressed charge recombination.

Fe-doped TiO2 was produced via the sol–gel process, using 
Fe(NO3)3 ⋅ 9H2O and tetrabutyl titanate dissolved in acetic acid 

and ethanol [63]. Next, the aged homogeneous gel was dried 
at 80°C, and calcined at 450°C. The as-prepared Fe-doped 
TiO2 was deposited on graphene using the hydrothermal 
method with GO used as a platform. They demonstrated that 
Fe-doped TiO2–graphene composites had a 10-fold photocata-
lytic activity enhancement over pure TiO2 for the degradation 
of methyl orange. The enhanced photocatalytic activity might 
be attributed to the synergistic effect of improved adsorptiv-
ity of dyes, enhanced visible light absorption, and effective 
charge separation.

ZnO–TiO2–RGO composites were synthesized by micro-
wave-assisted reduction of graphite oxide in ZnO precursor 
solution (ZnSO4) with TiO2 suspension using a microwave 
synthesis system at 150°C for 10 min [64]. Bi2O3 quantum 
dots-decorated anatase TiO2 with exposed {001} high-energy 
facets was deposited on graphene sheets using Ti(OC3H7)4 
and Bi(NO3)3 ⋅ 5H2O dissolved in hydrofluoric acid [65]. 
TiO2 modification with Bi2O3 was carried out at 180°C for 
24 h. Graphene covering with the obtained Bi2O3–TiO2 was 
achieved by the hydrothermal route at 120°C for 24 h. It was 
demonstrated that a certain amount of Bi2O3 quantum dots 
coating on TiO2 nanosheets revealed considerable improve-
ment in photoactivity under visible light irradiation in the pro-
cess of rhodamine B degradation in comparison with pristine 
TiO2. It could be attributed to the extending spectral response 
from UV to the visible area, the enhanced photosensitiz-
ing effect of the surface-enriched Bi2O3 quantum dots, and 
the strong interaction between Bi2O3 and TiO2, and efficient 
reduction of electron–hole pair recombination in the hetero-
structures [65].

30.3  CHEMICAL STRUCTURE, ELECTRONIC 
PROPERTIES, AND PROPOSED 
MECHANISM OF GRAPHENE EFFECT 
ON PHOTOCATALYTIC ACTIVITY OF 
NANOCOMPOSITE WITH TIO2

Diverse synthesis conditions and routes of TiO2–graphene 
composites affect different structures, such as the type and 
arrangement of connected atoms at boundaries, which would 
have an effect on many intrinsic properties of the compos-
ite. As it is difficult to measure this kind of difference from 
experiments, theoretical investigation is recommended as a 
reasonable way to investigate the effect of structural differ-
ences [66].

Geng et al. studied the mechanism of the enhanced pho-
tocatalytic activities of TiO2–graphene composites by using 
density functional theory (DFT) calculations [66]. They 
compared the electronic properties including total and dif-
ference charge density, charge population, polarization and 
electron redistribution, and density of states of TiO2–pris-
tine graphene, TiO2–graphene with defect, and TiO2–GO. 
They developed the most stable configurations (presented in 
Figure 30.4), and calculated binding energies and distances 
of the nearest atoms between graphene and TiO2 of each 
system. The binding energies of TiO2–pristine graphene, 
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FIGURE 30.3 Mechanism for the photocatalytic activity and pho-
tochemical stability of Ag–AgBr–TiO2–graphene under LED-W 
irradiation proposed by Wang et al. (Wang, P. et al. 2013. Ag–AgBr/
TiO2/RGO nanocomposite for visible-light photocatalytic degrada-
tion of penicillin G†. J. Mater. Chem. A 1: 4718–4727. Reproduced 
by permission of The Royal Society of Chemistry.)
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TiO2–graphene with defect, and TiO2–GO are −1.08, −2.43, 
and −3.21 eV, respectively, while the distances are 2.64, 2.20, 
and 1.91 Å, respectively.

In the TiO2–pristine graphene system, the Ti-3d interacts 
with the π orbital of the graphene sheet, while for the TiO2–
defected graphene system, the Ti1 atom is localized above the 
C atom vacancy of the graphene sheet and the TiO2 cluster 
interacts with the graphene sheet through both direct Ti1–C1 
σ-interaction and π-electron interaction with C2 and C3. After 
TiO2 anchoring to GO, the Oc atom moves to the position 
above the vertex site of C1, and the C2 atom drops back to 
the graphene plane, and distances between the Oc atom and 
C1/C2 are changed, demonstrating that the Oc–C2 bond is bro-
ken, while the epoxy Oc couples with Ti1 and creates a new 
bond [66]. Although the binding energies of TiO2–defected 
graphene and TiO2–GO are higher than that of TiO2–pristine 
graphene, making them more stable, the carrier mobility and 
electrical conductivity of defected and oxidized graphene are 
significantly reduced, because defects and oxygen-containing 
functional groups act as carrier-scattering centers or charge-
trapping sites [66–68].

Geng et  al. examined the projected density of states of 
TiO2–graphene composite and pointed that in the TiO2 clus-
ter, the valence band is dominated by O 2p orbitals with a 
small contribution from Ti-3d orbitals, while Ti-3d orbitals 
dominate the conduction band (CB). After TiO2 cluster cou-
pling with graphene, band gaps of TiO2–pristine graphene and 
TiO2–defected graphene increase from 0 to 0.03 and 0.04 to 
0.19, respectively; however, for TiO2–GO, it decreases from 
0.04 to 0 [66].

Yang et al. performed DFT for calculation of the chemi-
cal structure and electronic properties of graphene-supported 
anatase TiO2 crystals with {001}, {110}, and {101} crystal fac-
ets [69]. Because of the diverse surface atomic arrangements 
of different facets of anatase crystals, surface-free energies 
vary considerably [70,71], and the highest surface energy is 
shown by {001} and {110} facets of anatase TiO2 [71–73]. The 
DFT study of Yang et al. demonstrates large equilibrium dis-
tances between graphene and TiO2 ({101} and {110}), where 
the nearest C atoms were as far as 3.185 and 3.34 Å to the 
TiO2 planes, indicating weak interaction between graphene 
and the TiO2 surface [69]. In the case of graphene–TiO2 {001} 
composites, new C–O bonds are formed between oxygen 
in titania and atop the carbon atom of graphene [69]. These 
bonds can be identified with x-ray photoelectron spectroscopy 
and Fourier transform-infrared spectroscopy [69], and play 
a bridge role in the charge transfer at the interface between 
TiO2 and graphene. Since the graphene surface has a positive 
Mulliken charge, forming a large opposite interface dipole at 
the interface, excitation of the composites with light results in 
the high tendency of electron transport to carbon, prolonging 
the holes’ lifetime at the valence band of TiO2. This feature 
stems the charge recombination and thus improves the photo-
catalytic activity [69].

Long presented the interfacial electronic structure and 
charge transfer properties of GQD physisorption and che-
misorption on the TiO2 (110) surface from DFT calculations 
[73]. In both physisorption and chemisorption configura-
tions, the positive work function difference drives electron 
transfer from GQD into TiO2, leading to charge separation at 
the GQD–TiO2 interface. In the case of physisorption, GQD 
bounds to the TiO2 surface through van der Waals interac-
tions, whereas in the chemisorption configuration, strong 
covalent bonding between GQDs and graphene is created, 
leading to a much more efficient charge separation than in 
physisorption. Furthermore, these composites show large 
band-gap narrowing that could extend the optical absorption 
edge into the visible light region [73]. These investigations are 
confirmed by experimental studies. For instance, Min et al. 
developed a simple strategy for the improvement of chemi-
cally anchoring TiO2 NPs onto graphene through chemical 
interactions, such as chemiadsorption, electronegativity, and 
coordination between functional groups of GO Ti(OH)x com-
plex, and proved that full and intimate coverage of TiO2 on 
graphene sheets has significantly enhanced their photocata-
lytic activity under visible light due to the existence of chemi-
cal bonds (Ti–C and Ti–O–C) [43].

Zhou and Zhao [74] investigated the interfacial charge 
transfer properties of rutile (110) and graphene by employ-
ing first-principles calculations. Results showed that electro-
static potential values of graphene were lower in a negatively 
charged graphene/rutile (110) composite than that in a neutral 
one, suggesting that the excess electrons in the rutile (110) 
surface are efficiently transferred to graphene. The electrons 
were transported more easily from rutile (110) with oxygen 
vacancy to graphene than those from perfect rutile. They 
confirmed that the excess electrons of titanium atoms always 

FIGURE 30.4 Most stable configurations of (a) TiO2–pristine 
graphene, (b) TiO2–graphene with vacancies, and (c) TiO2–GO 
developed with DFT calculations. The gray, red, and yellow spheres 
represent C, O, and Ti atoms, respectively. (Geng, W., Liub, H., and 
Yao, X. 2013. Enhanced photocatalytic properties of titania–gra-
phene nanocomposites: A density functional theory study. Phys.
Chem. Chem. Phys. 15: 6025–6033. Reproduced by permission of 
The Royal Society of Chemistry.)
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tend to transfer to graphene, but the high withdrawing elec-
tron ability of oxygen atoms will hinder the electrons from 
transferring from titanium to carbon in the pristine graphene/
rutile (110) system. Densities of states show that carbona-
ceous nanomaterials can induce the more negatively CBs of 
rutile, which will enhance the electronic injection from the 
dye to TiO2 and increase the photocurrent density of the solar 
cell [74].

According to the calculations of Geng et al. under visible 
light irradiation, the electrons of O-2p on the valence bands 
are excited and easily transported to the graphene sheets, 
where CBs with C-2p orbitals are located. The electron trans-
mission is very favorable since, except for the anchoring sites, 
the graphene sheets are in charge of depletion conditions. 
This process causes e− and h+ distribution on the TiO2 cluster 
and graphene sheets, respectively; thus, the recombination of 
e− and h+ is strongly reduced, and the photoelectric efficiency 
increases. Furthermore, the valence band minimum is greatly 
negatively induced by the complexation with graphene; how-
ever, the energy level of the reacting CB with the O-2p orbital 
is almost unchanged. Therefore, the excitation energy of the 
composite is lower than the gap of pure TiO2. In particular, for 
TiO2–GO, the O-2p orbital is on the CB maximum with a zero 
gap to the valence band minimum. This makes direct optical 
excitation within the visible light region possible. Vacancy or 
oxygen-containing functional groups that are not completely 
saturated by TiO2 act as carrier-scattering centers or charge-
trapping sites lowering carrier mobility and electrical conduc-
tivity [66].

30.4 APPLICATIONS

Graphene-based-TiO2 photocatalysts are currently studied to 
alleviate the deterioration of natural environments created by 
toxic pollutants and the exhaustion of energy resources by 
splitting water for hydrogen production, production of dye-
sensitized solar cells (DSSCs), and CO2 conversion into fuels, 
by utilizing light energy.

30.4.1  photodeGradation oF orGaniC 
pollutantS and miCroorGaniSmS

The most often-studied application of TiO2–graphene-based 
photocatalysts is the photodegradation of dyes: methylene 
blue [74–76], methyl orange [61], rhodamine B [77], malachite 
green [22], and other organic compounds, such as phenol [78], 
butane [79], benzoic acid [57], and others.

For instance, Gu et  al. [47] investigated the photodegra-
dation of methylene blue under UV light with TiO2–RGO 
composites prepared with different GO contents. The photo-
catalysts were more active than pristine TiO2, and the highest 
conversion was obtained for a composite prepared with the 
mass ratio of GO to titanium butoxide of 0.2%. Lee et al. [49] 
studied the photocatalytic activity of TiO2–graphene compos-
ites with different graphene content under visible light irradia-
tion in the process of methylene blue photodegradation. They 
found that the photocatalytic activity of the composite in the 

process of methylene blue degradation increased significantly 
up to GO concentration of 5 wt%, and was about threefold 
higher than that of the commercial P25, and then decreased 
gradually with a higher concentration (10 wt%). They sug-
gested that the significant enhancement of photocatalytic 
activity might be attributed to nanometer-sized TiO2 nanorods 
and the strong anchoring of TiO2 nanorods on whole-gra-
phene layers, while the decrease of photoactivity with high 
concentration of GO can be explained by the increased light 
absorption into the graphene, and the lower relative content of 
TiO2 for the generation of radicals [49]. Figure 30.4 presents 
the schematic mechanism of the photocatalytic process with 
TiO2–graphene nanocomposite (RGO/TiO2) under UV light 
irradiation proposed by Gu et al. [47] (Figure 30.5).

Cao et  al. [80] investigated the utilization of TiO2–gra-
phene composites with different graphene content for the 
degradation of Escherichia coli bacteria. It was found that 
their antibacterial activity was much higher than that of pure 
TiO2 NPs, and the composite containing 4.2 wt% of graphene 
showed the best antibacterial activity. The antibacterial activ-
ity decreased when the graphene content was 7 wt%, which 
can be explained by the shielding of the active sites of TiO2, 
during the antibacterial process.

30.4.2 hydroGen Generation

Hydrogen generation was first discovered by Fujishima and 
Honda in 1972, who utilized the photoelectrochemical split-
ting of water on TiO2 electrodes under UV irradiation [81]. 
Since then, many studies have been devoted to photocatalytic 
H2 production, and the pace has increased enormously in the 
past decade because of the rapidly growing demand for new 
energy resources and the worsening of the global environment 
[82]. In the photocatalytic process of H2 evolution, the reduc-
tion of H2O (acceptor) to H2 by photogenerated electrons, and 
the oxidation of water (donor) to oxygen by holes undergo 
on surface sites. The photocatalytic performance can be 
enhanced by introducing graphene because of (1) enhancing 
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FIGURE 30.5 Schematic mechanism of the photocatalytic pro-
cess with TiO2–graphene nanocomposite under UV light irradia-
tion. (Fan, W., Zhang, Q., and Wang, Y. 2013. Semiconductor-based 
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the charge separation and transfer; (2) increasing the adsorp-
tion of reactants; and (3) extending the light absorption range 
[82]. The schematic function of graphene in graphene–semi-
conductor composites for the photocatalytic evolution of H2 is 
presented in Figure 30.6.

Zhang et al. investigated graphene–TiO2 photocatalysts in 
the process of hydrogen production under UV–vis illumina-
tion, synthesized by the sol–gel method [83]. They compared 
photocatalysts with different graphene concentrations (1 wt%, 
5 wt%, and 10 wt%) and found that the highest photocatalytic 
activity was observed for the sample with 5 wt% of graphene. 
Furthermore, they found that the calcination atmosphere 
affects its photocatalytic activity, and better performance was 
observed for samples calcinated in a nitrogen atmosphere. 
Xiang et al. studied graphene-modified TiO2 nanosheets with 
exposed (001) facets in photocatalytic hydrogen evolution 
[84]. The optimal graphene content was found to be 1.0 wt%, 
giving a H2-production rate 41 times higher than pure TiO2 
nanosheets.

The photocatalytic water-splitting ability of graphene–tita-
nium dioxide photocatalysts can be further enhanced in the 
presence of noble metals. Park et al. found that the Pt/TiO2–
GO composite showed a marked synergistic effect for the 
photocatalytic hydrogen production compared with GO–TiO2 
and Pt–TiO2 [85]. Xiang et al. reported a composite consist-
ing of TiO2 nanocrystals grown in the presence of a layered 
MoS2/graphene hybrid as a high-performance photocatalyst 
for H2 evolution [86]. The photocatalytic activity arises from 
the synergetic effect between MoS2 and graphene, which acts 
as an electron collector and a source of active adsorption sites, 
respectively.

30.4.3 Co2 ConverSion into FuelS

The photoelectrocatalytic reduction of CO2 to organic com-
pounds was first discovered by Inoue et al. in 1979 [87]. They 
reported the irradiation of aqueous suspensions saturated with 
CO2 by a Xe lamp in the presence of a variety of semicon-
ductors, such as TiO2, ZnO, CdS, SiC, and WO3 [87]. In the 

photocatalytic process of CO2 conversion, the oxidation of 
H2O (donor) by holes to O2 and the reduction of CO2 (accep-
tor) by electrons to CO and organic compounds proceed [82].

Tu et al. [89] developed robust hollow spheres consisting 
of molecular-scale alternating titania (Ti0.91O2) nanosheets 
and graphene nanosheets, fabricated by a layer-by-layer 
assembly technique with polymer beads as sacrificial tem-
plates using a microwave irradiation technique to simultane-
ously remove the template and reduce the GO into graphene. 
They investigated the photocatalytic activity of the compos-
ite in the process of CO2 conversion into renewable fuels (CO 
and CH4) and found that the photoactivity is 9 times higher 
than the commercial photocatalyst P25. They assumed that 
the large enhancement in the photocatalytic activity arose 
from (1) the ultrathin nature of Ti0.91O2 allowing charge car-
riers to move quickly onto the surface and participate in the 
photocatalysis; (2) the efficient stacking of Ti0.91O2 with gra-
phene allowing fast transfer of the photogenerated electron 
from Ti0.91O2 to graphene, thus enhancing the lifetime of the 
charge carriers; and (3) the hollow structure allowing the 
multiscattering of incident light for the enhancement of light 
absorption [84].

Tu et al. [89] developed a method for fabrication of TiO2–
graphene hybrid by an in situ simultaneous reduction–hydro-
lysis technique in an ethylenediamine/H2O solvent. During 
this process, the simultaneous reduction of GO into graphene 
by ethylenediamine, and the formation of TiO2 NPs through 
hydrolysis of titanium(IV) (ammonium lactato) dihydroxybis, 
and in situ loading onto graphene through chemical bonds 
(Ti–O–C bond) to form a 2D sandwich-like nanostructure 
proceeded. The synergistic effect of the surface–Ti3+ sites and 
graphene favored the generation of C2H6, and the yield of the 
C2H6 increased with the content of the incorporated graphene 
[89].

Hsu et al. explored GO as a promising photocatalyst in the 
process of CO2 conversion into methanol [90]. The photocata-
lytic conversion rate under the visible light of CO2 to metha-
nol on GO was sixfold higher than the pure TiO2.

30.4.4 dye-SenSitized Solar CellS

Since the first prototype of DSSCs achieved a power conver-
sion efficiency (PCE) over 7%, as reported by O’Reganand 
and Durrant in 1991 [91], intense interest has been aroused 
and great efforts have been devoted to improve the photovol-
taic property of DSSC, and a PCE of 12% has been reached 
[92,93]. In DSSC, the initial photoexcitation occurs in the 
light-absorbing dye. Semiconductors act as a support for 
the dye sensitizer, electron acceptor, and electronic conduc-
tor. Subsequent insertion of electrons from the photoexcited 
dye into the CB of semiconductors results in the current flow 
across the semiconductor to the electrode and then to the 
external circuit. Sustained conversion of light energy is facili-
tated by the regeneration of the reduced dye sensitizer via a 
reversible redox couple (O/R) [94].

Kim et al. [95] demonstrated the preparation of graphene-
embedded three-dimensional (3D) inverse opal electrodes for 
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use in DSSCs. The graphene was incorporated locally into 
the top layers of the inverse opal structures and was embed-
ded into the TiO2 matrix via posttreatment of the TiO2 pre-
cursors. They compared DSSCs composed of bare and 
1–5 wt% graphene-incorporated TiO2 inverse opal electrodes 
and observed that the local arrangement of graphene sheets 
efficiently improved electron transport without considerably 
reducing light harvesting by the dye molecules. The highest 
efficiency of 7.5% was obtained in DSSCs with 3 wt% of gra-
phene, which was 50% higher than the efficiencies of DSSCs 
prepared without graphene. The authors concluded that the 
increase in efficiency was mainly attributed to an increase in 
short-circuit photocurrent density (JSC) [95].

Chen et  al. [96] confirmed that promoting the effect of 
graphene in the efficiency of DSSCs is strongly dependent 
on its content. Excessive graphene in the nanocomposite 
leads to a decrease of the light harvest of dye molecules and 
thus a negative effect on the PCE of DSSCs. They synthe-
sized graphene–TiO2 photoanode by an in situ simultaneous 
reduction–hydrolysis technique and demonstrated enhanced 
photovoltaic performance with an overall light conversion 
efficiency of 7.12% by incorporation of 2 wt% graphene.

Shu et  al. [45] studied photovoltaic properties of RGO–
TiO2 nanocomposite as a photoanode in DSSCs, prepared 
via a simple solvothermal method. The photoanode films of 
0.75 wt% RGO–TiO2 composites reached the best conversion 
efficiency of 5.5%, which was 31% higher than that of the pure 
P25 photoanodes.

Hierarchical TiO2 mesoporous sphere/graphene com-
posites (HTMS/Gs) were prepared by Chang et  al. [97]. 
They acknowledged the significant influence of graphene 
content in the composite on PCEs. For instance, lower 
graphene content in the nanocomposites affected superior 
dye adsorption capacity, lower charge recombination, and 
thus higher photocurrent density; however, excessive gra-
phene promoted the recombination of photogenerated elec-
trons, which worsen the PCEs. The authors found that the 
composite containing 5.68 wt% of graphene exhibited the 
enhanced short-circuit current density of 16.17 mA/cm2, 
and a PCE of 7.19%, which was 21.8% higher than that of 
pristine TiO2 [97] (Table 30.2).

30.5 SUMMARY

This chapter summarizes the state of the art of methods used 
for the preparation of titanium dioxide–graphene photocata-
lysts and applications of these nanocomposites in the pho-
tocatalytic degradation of pollutants, hydrogen generation, 
carbon dioxide conversion into fuels, and DSSCs produc-
tion. Furthermore, the chemical structure, electronic proper-
ties of the nanocomposites, and the proposed mechanism of 
graphene effect on the photocatalytic activity of TiO2 were 
reviewed.
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31 Graphene–Polymer Nanocomposites
Preparation, Characterization, and Applications

Li Qun Xu, Bin Zhang, Yu Chen, Koon-Gee Neoh, and En-Tang Kang

ABSTRACT

This chapter reviews recent advances in the modification of 
graphene nanosheets and fabrication of graphene nanocom-
posites with conjugated, saturated, and electroactive poly-
mers. The conjugated polymers can be grafted on the graphene 
nanosheets mainly via amidation, π–π stacking interaction, 
and 1,3-dipolar cycloaddition, while the saturated polymers 
can be grafted on the nanosheets by a combination of nonco-
valent and covalent approaches. The electroactive polymers, 
such as polyaniline, polypyrrole, and polythiophene, can be 
conjugated with graphene nanosheets via in situ oxidative 
polymerization, electrochemical polymerization, and the 
“grafting-to” approaches. The resulting graphene-based poly-
mer nanocomposites have found applications and potential 
applications in solar cells, electronic memories, supercapaci-
tors, dielectric materials, sensors, and drug delivery systems, 
among others. Herein, the preparation, characterization, and 
applications of the graphene-based polymer nanocomposites 
are described in detail with specific examples on application 
drawn from the scientific literature.

31.1 INTRODUCTION

Graphene, a two-dimensional (2D) monoatomic thick of 
sp2-hybridized carbons, has led to exciting developments in 
materials science in recent years as it exhibits extraordinary 
mechanical, thermal, and electrical properties (Stankovich 
et al. 2006). Nevertheless, the utility of graphene is limited 
because it agglomerates irreversibly in solvents due to its large 
specific surface area and strong tendency for π–π stacking. 

Existing methods for preparing graphene have their advan-
tages and shortcomings that involve trade-offs between cost 
and scalability (Stankovich et al. 2007).

Graphene oxide (GO), a heavily oxygenated precur-
sor form of graphene with epoxide and hydroxyl groups on 
the basal plane and carboxyl groups at the edge, according 
to the widely accepted Lerf–Klinowski model (Figure 31.1) 
(Lerf et al. 1998), has received considerable attention (Dreyer 
et  al. 2010). GO is commonly synthesized by the modified 
Hummers method (Hummers and Offeman 1958), in which 
graphite powder is oxidized into graphite oxide by strong oxi-
dants and acids. Since GO is negatively charged in an aqueous 
solution due to ionization of the carboxyl groups, the elec-
trostatic repulsion between the GO allows graphite oxide to 
exfoliate easily in an aqueous medium under moderate ultra-
sonication (Pei and Cheng 2012). Thus, chemical oxidation 
of graphite powder, followed by exfoliation of graphite oxide, 
has provided an affordable route to large-scale synthesis of 
graphene-based materials (Zhu et al. 2010).

The presence of hydrophilic oxygen functionalities on 
GO nanosheets inhibits π–π stacking interaction and allows 
GO nanosheets to form stable colloidal dispersion in many 
solvents, such as N,N-dimethylformamide (DMF), 1-methyl-
2-pyrrolidone (NMP), and tetrahydrofuran (THF) (Stankovich 
et al. 2007; Paredes et al. 2008; Dreyer et al. 2010). Moreover, 
the oxygen moieties on GO are versatile sites that can con-
jugate with additional organic molecules for the prepara-
tion of functionalized graphene hybrids (Dreyer et al. 2010). 
Polymers are the most common types of organic molecules 
used to functionalize graphene, as they can produce greater 
enhancement to the mechanical, electrical, and thermal 
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properties of graphene than other classes of materials (Kim 
et al. 2010a). In addition, polymers can be readily synthesized 
and processed by solution-based methods, providing opportu-
nities to modify graphene properties at low cost (Kuilla et al. 
2010; Salavagione et al. 2011b).

However, the sp2–sp3 hybrid structures of GO nanosheets 
disrupt the sp2 conjugated structure of graphene and cause a 
significant loss of the unique properties of graphene. GO has a 
Young’s modulus of 500 GPa and ultimate tensile strength of 
63 GPa, which are several orders of magnitude lower than gra-
phene, and is also electrically insulating (Paci et al. 2007; An 
et al. 2011). Thus, GO needs to be reduced to restore the struc-
ture and properties of graphene. GO is commonly reduced 
by reducing agents, such as hydrazine hydrate, dimethylhy-
drazine, and sodium borohydride (Stankovich et  al. 2007; 
Dreyer et al. 2010). Increasing alternatives, such as thermal, 
solvothermal, electrochemical, and photocatalytic reduction 
methods, are being developed to eliminate the usage of toxic 
reducing agents (Guo et al. 2009). Unfortunately, the reduced 
hydrophilic character of reduced graphene oxide (RGO) 
nanosheets may cause them to agglomerate irreversibly like 
graphene in the absence of a dispersant. Restacking can be 
prevented by either blending with polymers prior to chemical 
reduction or use of polymers that can exfoliate RGO aggrega-
tion via π–π stacking interaction (Kim et al. 2010a).

Therefore, this chapter will focus on the preparation of 
GO and RGO-based polymer nanocomposites, as well as the 
rare examples of graphene (from direct exfoliation of graphite 
powder)-based polymer nanocomposites. The unique proper-
ties of the above-mentioned graphene-based polymer nano-
composites are also described. In addition, the applications 
and potential applications of these nanocomposite materials 
will be discussed.

31.2  PREPARATION OF GRAPHENE-BASED 
POLYMER NANOCOMPOSITES

Graphene-based polymer nanocomposites can be realized 
through either covalent or noncovalent functionalization 
approaches. Since graphene is usually obtained via GO as 
a precursor, polymer-functionalized graphene nanosheets 
are mainly based on GO and RGO nanosheets. Owing to 
the availability of reactive oxygen functionalities on GO 
nanosheets, the majority of polymer functionalization studies 
on GO nanosheets involve covalent modifications, including 
esterification (Salavagione et  al. 2009), amidation (Zhuang 
et  al. 2010), nitrene addition (He and Gao 2010), “Click” 
chemistry (Pan et al. 2011b), 1,3-dipolar cycloaddition reac-
tion (Zhang,  B. et  al. 2012), and surface-initiated polymer-
ization (Huang et  al. 2010). RGO nanosheets and graphene 
nanosheets from direct exfoliation of graphite powder are 
usually noncovalently functionalized with polymers via π–π 
stacking, van der Waals, and electrostatic interactions (Hong 
et al. 2011; Xu, X. J. et al. 2011; Xu, L. Q. et al. 2011b). On the 
other hand, graphene-based polymer nanocomposites can be 
broadly classified into three categories: conjugated, noncon-
jugated (saturated), and electroactive (conducting) polymer 
nanocomposites. For better comparison among the different 
kinds of functional polymers, this chapter will be presented 
along the latter classification.

31.2.1  Graphene–ConjuGated polymer 
nanoCompoSiteS

Conjugated polymers are macromolecules with alternating 
saturated and unsaturated bonds along the main chain (Lee 
2008). They have been extensively investigated for various 
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FIGURE 31.1 Structures of GO nanosheets. (Reprinted with permission from Lerf, A. et al. Structure of graphite oxide revisited. J. Phys. 
Chem. B 102:4477–4482. Copyright 1998 American Chemical Society.)
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applications, such as light-emitting diodes (LEDs), light-
emitting electrochemical cells (LECs), field-effect transistors 
(FETs), photovoltaics, biomaterials, and sensors (Bolinger 
et  al. 2012; Wu and Chiu 2013). The incorporation of con-
jugated polymers to graphene nanosheets not only introduce 
good solubility and intrinsic photoelectronic properties, but 
also synergistically combine the unique features of gra-
phene nanosheets, viz., large specific surface area, superior 
 mechanical flexibility, remarkable optical transmittance, 
extraordinary thermal response, and excellent electronic 
transport properties (Chen, Y. et al. 2012).

Many different conjugated polymers have been cou-
pled to graphene nanosheets, as summarized in Table 31.1. 
Among the types of reaction, amidation reaction, 1,3-dipolar 
 cycloaddition reaction of azomethine ylides, and π–π stack-
ing interaction are among the majority of reported studies. 
Amidation reaction is favored due to the presence of abundant 
carboxyl groups at the edge of graphene nanosheets, which can 
be activated by thionyl chloride (Zhuang et al. 2010; Zhang, 
B. et al. 2011a,b,c) and reactive pentafluorophenyl ester (Xu 
et al. 2013b). Zhuang et al. (2010) reported the preparation of 
GO nanosheets with covalently grafted triphenylamine-based 
polyazomethine (TPAPAM) via amidation of the amino-
containing TPAPAM with the thionyl chloride-pretreated 
GO nanosheets (Figure 31.2a). The resulting GO–TPAPAM 
hybrid was subsequently fabricated into an electronic memory 
device (with the sandwiched configuration of indium tin oxide 
(ITO)/GO–TPAPAM/Al). The memory device exhibits typi-
cal bistable electrical switching and a nonvolatile rewritable 
memory effect with an ON/OFF current ratio of more than 
103 at −1.0 V (Figure 31.2b). For the ON and OFF states, the 
current density remains unchanged, even after more than 108 
read cycles at a read voltage of −1.0 V, indicating that both 
states are insensitive to read cycles.

In an effort to further expand the covalent functionalization 
of graphene nanosheets via amidation, GO nanosheets were 
functionalized with reactive pentafluorophenyl ester to allow 
the preparation of GO–conjugated polymer hybrid under mild 
condition (Xu et al. 2013b). Pentafluorophenyl ester exhibits 
high reactivity toward primary and secondary amines under 
mild condition, resulting in amide linkages with no known 
side reactions (Deng, X. P. et al. 2012; Deng, Y. et al. 2012). 
Poly[(9,9-dioctylfluorene)-alt-(4-amino-phenylcarbazole)] 
(PFCz–NH2) with NH2 pendant groups was synthesized and 
grafted onto GO nanosheets to produce a soluble GO–PFCz 
hybrid. After conjugation of PFCz–NH2 with GO nanosheets, 
the absorption maximum of GO–PFCz hybrid was blue 
shifted by about 3 nm (λ = 3 nm). The  fluorescence emis-
sion from GO–PFCz hybrid was significantly quenched as 
compared to that of PFCz–NH2 at the excitation wavelength 
λex = 350 nm. Such an intramolecular quenching process is 
due to charge and/or energy transfer between PFCz–NH2 as 
electron donor and GO sheet as electron acceptor (Zhang, 
B. et al. 2012). The GO–PFCz hybrid was further employed 
as the active component in a nonvolatile rewritable memory 
device. Similar memory device performance was achieved as 
that of the GO–TPAPAM hybrid.

1,3-Dipolar cycloaddition reaction of azomethine ylides 
is a well-established reaction on fullerene (C60) (Wudl 2002; 
Ballesteros et al. 2007), and can be extended to the graphene 
counterparts. The reaction between sarcosine, C60 and the cor-
responding π-conjugated systems functionalized with one or 
two aldehyde groups, led to a variety of C60-based full-fledged 
dyads and triads (Segura et al. 2005). Following this approach, 
1,3-dipolar cycloaddition reaction of azomethine ylides was 
employed to functionalize RGO nanosheets with conjugated 
polymers (Zhang, B. et  al. 2011a,b,c; Zhang, B. et  al. 2012; 
Li, Y. X. et al. 2012). PFTPA–CHO (Zhang, B. et al. 2012), 
PCTF–CHO (Li, Y. X. et al. 2012), and PFCF–CHO (Zhang, 
B. et al. 2011c) were successfully grafted onto RGO nanosheets 
in the presence of excess sarcosine. The RGO nanosheets with 
covalently grafted PCTF–CHO (RGO–PCTF, Figure 31.3a) 
were fabricated into a photovoltaic device of the configura-
tion ITO/poly(3,4-ethylenedioxythiophene):poly(styrenesulfo
nate) (PEDOT:PSS, 40 nm)/RGO–PCTF(50 nm)/LiF(1 nm)/
Al (100 nm), with the device structure shown in Figure 31.3b. 
Under illumination of 100 mW cm−2 (AM 1.5 G), this photo-
voltaic device showed a power conversion efficiency (η) of 
0.01%, an open-circuit voltage (Voc) of 1.28 V, a short-circuit 
current density (Jsc) of 0.018 mA cm−2, and a fill factor (FF) of 
0.22. The photovoltaic performance of this device can be fur-
ther improved by the incorporation of [70]PCBM ([6,6]- phenyl 
C71 butyric acid methyl ester), which increases optical absorp-
tion in the visible region and leads to improved light-harvest-
ing of the organic photovoltaic device (Wienk et al. 2003). As a 
result, the as-fabricated photovoltaic device with RGO–PCTF 
and [70]PCBM (1:3 w/w) as the active material exhibits a Jsc 
of 4.68 mA cm−2, FF of 0.32, Voc of 0.96 V, and η of 1.45% 
(Figure 31.3c). The significant enhancement in photocurrent of 
the RGO–PCTF-based devices with the addition of [70]PCBM 
is associated, in part, with the amount of photons absorbed by 
RGO and [70]PCBM.

It is anticipated that the conjugated rod-like backbone will 
attach to the basal plane of graphene nanosheets via the strong 
π–π stacking interaction. The π–π stacking interaction is 
noncovalent in nature. It is effective and does not destroy the 
electronic structure of graphene nanosheets (Lee et al. 2009). 
In addition, the modular structure of conjugated polymers is 
attractive in the rational design of coil-like side chains (either 
ionic or nonionic), which can render graphene nanosheets 
with desirable dispersibility in various solvents.

The backbones of PFVSO3 can stack onto the basal plane 
of RGO nanosheets via π–π stacking interaction, while the 
charged hydrophilic side chains of PFVSO3 prevent the RGO 
nanosheets from aggregating via electrostatic and steric repul-
sions (Qi et al. 2010b). Stable dispersions of RGO–PFVSO3 
in polar solvents were obtained. The dispersibility limits of 
RGO–PFVSO3 hybrid in water, methanol, ethanol, DMF, and 
dimethyl sulfoxide (DMSO) were determined to be about 
2.08, 2.34, 1.87, 2.50, and 2.40 mg mL−1, respectively. In the 
subsequent work, supramolecular RGO nanosheets function-
alized with conjugated poly(2,5-bis(3-sulfonatopropoxy)-
1,4-ethynylphenylene-alt-1,4-ethynylphenylene) (PPE–SO3) 
polyelectrolyte via π–π stacking interaction were prepared 
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TABLE 31.1
Coupling of Conjugated Polymers to Graphene Nanosheets

Graphene 
Binding 
Site Conjugated Polymers

Types of 
Reaction

Dispersing 
Media

Applications/
Potential 

Applications References

Carboxyl

N

* *

NH2

C6H13 C6H13

N N

C6H13 C6H13

x y n

Amidation Common organic 
solvents

Nonvolatile 
rewritable 
memory

Zhang, B. et al. 
(2011b) 

Carboxyl

N

NH2

C6H13 C6H13

n
* *

Amidation DMF Nonvolatile 
rewritable 
memory

Xu et al. 
(2013b) 

Carboxyl

N

OHC
N

N

N

N

NH2

n

Amidation Common organic 
solvents

Nonvolatile 
rewritable 
memory

Zhuang et al. 
(2010)

Double 
bond * *

C6H13 C6H13

N N

C6H13 C6H13

x y n

N

OHC

CHO

1,3-Dipolar 
cycloaddition 
reaction

Common organic 
solvents

Nonvolatile 
rewritable 
memory

Zhang, B. et al. 
(2012)

Double 
bond

S
*

N
S

N

S
*

N

C6H13C6H13 C6H13C6H13

CHO

nx y

1,3-Dipolar 
cycloaddition 
reaction

THF/CH2Cl2/
toluene/CHCl3/
chlorobenzene

Solar cell Li, Y. X. et al. 
(2012)

Double 
bond

N

* *

CHO

C6H13 C6H13

N N

C6H13 C6H13

x y n

1,3-Dipolar 
cycloaddition 
reaction

Common organic 
solvents

Nonvolatile 
rewritable 
memory

Zhang, B. et al. 
(2012)

(Continued)
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TABLE 31.1 (continued)
Coupling of Conjugated Polymers to Graphene Nanosheets

Graphene 
Binding 
Site Conjugated Polymers

Types of 
Reaction

Dispersing 
Media

Applications/
Potential 

Applications References

Basal plane

* *

O(CH2)3SO3Na

NaO3S(H2C)3O

n

π–π stacking H2O Optoelectronic 
device

Yang et al. 
(2010)

Basal plane

*

(CH2)4(H2C)4

*

NaO3S SO3Na

OO O O

2

2

n

π–π stacking H2O/methanol/
ethanol/DMF/
DMSO

tbd Qi et al. 
(2010b)

Basal plane
**

mn

π–π stacking Benzene/THF/
acetone/ CHCl3/
toluene

Nonvolatile 
rewritable 
memory

Velusamy et al. 
(2012)

Basal 
plane/
carboxyl

* *

O N
+

Br–

n

π–π stacking/
electrostatic 
interaction

H2O Optical limiting 
material

Xu, X. J. et al. 
(2012b) 

Basal plane C8H17 C8H17

*
S

*n

π–π stacking THF/toluene/
CH2Cl2/CHCl3

Optoelectronic 
device

Liu, C. H. et al. 
(2010)

Basal plane

*n

OC6H13

C6H13O

* (H2C)6 (CH2)6

OOO

O O

O

C6H13O
OC6H13

π–π stacking CH2Cl2/NMP/
DMF

tbd Castelain et al. 
(2011)

Basal plane

*
n

OC6H13

C6H13O

* C8H17 C8H17

π–π stacking CH2Cl2/NMP/
DMF

tbd Castelain et al. 
(2011)

(Continued)
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TABLE 31.1 (continued)
Coupling of Conjugated Polymers to Graphene Nanosheets

Graphene 
Binding 
Site Conjugated Polymers

Types of 
Reaction

Dispersing 
Media

Applications/
Potential 

Applications References

Basal plane

*

*

n

OR

RO

R = C8H17 OR C6H13

π–π stacking NA tbd Nduwimana 
and Wang 
(2009)

Introduced 
alkyne

C6H13 C6H13

n

(H2C)6 (CH2)6

N3N3

Click DMF/NMP/o- 
dichlorobenzene

tbd Castelain et al. 
(2012)

Double 
bond

* *

(CH2)3 (CH2)3

Cl N3

0.08 0.92 n

Nitrene 
addition

NMP/DMF/
acetone/DMSO/
CHCl3/toluene

tbd Xu, X. J. et al. 
(2011)

Carboxyl
* S

NO O

S

NO O

*

OH

x y n

Esterification Chlorobenzene Solar cells Lee et al. 
(2013)

Basal plane

*
*

C8H16

C12H25

C8H16

C12H25

HOOC HOOC

n

van der Waals 
interaction

H2O Electrochemical 
biosensor

Yun et al. 
(2011)

sp2 Carbon *

*

OR

n Surface-
initiated 
Bergman 
cyclization

Common organic 
solvents

tbd Ma et al. 
(2012)

Introduced 
bromide

* S S
*

N
S

N

C6H13 C6H13

C6H13 C6H13

n

Surface-
initiated 
Suzuki 
coupling

THF/toluene/
CH2Cl2/DMF

Optical limiting Midya et al. 
(2010)

Introduced 
bromide *

C6H13 C6H13

*n

Surface-
initiated 
Suzuki 
coupling

THF/toluene tbd Gao, J. et al. 
(2013)

tbd: to be determined.
NA: not available.
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(Yang et  al. 2010). The obtained RGO–PPE–SO3 hybrid 
exhibited high conductivity and stability even after 8 months 
of storage in solution. Xu et  al. (2012b) used the pendant 
quaternary ammonium groups in conjugated polyelectrolyte 
(Pac) to noncovalently functionalize GO nanosheets. Since 
Pac is positively charged owing to the presence of quater-
nary ammonium groups and the GO nanosheet is negatively 
charged due to the presence of carboxylic acid groups, the 

interaction between Pac and the GO nanosheet can lead to 
a combination of π–π stacking interaction and electrostatic 
attraction. After reduction of the GO–Pac hybrid by hydrazine 
hydrate, the resulting RGO–Pac hybrid exhibited a prominent 
optical limiting response, which could potentially be used to 
protect photonic or optoelectronic devices from damage by 
intense laser irradiation. At the same on-focus intensity of 
300 µJ, the transmittances of the RGO–Pac hybrid, Pac, and 
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GO sheet decrease to 31%, 81.2%, and 73.85%, respectively. 
The transmission of the RGO–Pac hybrid decreases further 
with the increase in input intensity.

By introducing long alkyl side chains into conjugated 
polymers, the dispersibility and processability of their gra-
phene hybrids are effectively improved. Poly[(m-phenylene 
vinylene)-alt-(p-phenylenevinylene)] (PmPV) (Nduwimana 
and Wang 2009), poly(9,9-dioctylfluorene-alt-thiophene) 
(PDOFT) (Liu, C. H. et  al. 2010), and poly(fluorene-alt-
phenylene) (PFEP) (Castelain et al. 2011) with long alkyl side 
chains were synthesized and successfully conjugated with gra-
phene nanosheets via π–π stacking interaction. Castelain et al. 
(2011) have also compared the influence of additional pendant 
anthraquinone (ANT) in long alkyl chain- containing PFEP 
on the π–π stacking interaction with graphene nanosheets. An 
effective π–π stacking interaction between ANT and graphene 
nanosheets was observed and gave rise to orderly packed 
structures of polymers on graphene nanosheet. The π–π 
stacking interaction between ANT and graphene nanosheets 
further caused significant photoluminescence (PL) quenching 
of PFEP. Besides long alkyl side chains, a conjugated block 
copolymer, polystyrene-block-polyparaphenylene (PS-b-PPP) 
(Velusamy et al. 2012), can also enhance the dispersibility of 
RGO nanosheets. The PPP blocks adhere strongly to the basal 
plane of RGO nanosheets via π–π stacking interaction, while 
the PS blocks provide good solubility in organic solvents. The 
resulting PS-b-PPP modified RGO nanosheets (RGO–PS-b-
PPP) have excellent dispersibility in a variety of nonpolar sol-
vents. In particular, RGO nanosheets with dispersity as high 
as 1.5 mg mL−1 was achieved in THF.

Other methods, including esterification (Lee et al. 2013), 
“Click” chemistry (Liu, C. H. et  al. 2010), nitrene addition 
(Xu, X. J. et al. 2011), nitrogen-based nucleophiles (Xu, X. J. 
et  al. 2012a), van der Waals interaction (Yun et  al. 2011), 
surface-initiated Bergman cyclization (Ma et  al. 2012), and 
surface-initiated Suzuki coupling reaction (Midya et al. 2010; 
Gao, J. et al. 2013), have also been used to prepare graphene–
conjugated polymer nanocomposites.

31.2.2 Graphene–Saturated polymer nanoCompoSiteS

The major strategies used to attach saturated polymers to 
graphene nanosheets can be categorized into noncovalent 
and covalent approaches. The former approach involves 
functionalization of graphene nanosheets via π–π stacking, 
host–guest, and electrostatic interactions, whereas the latter 
approach involves covalent coupling of graphene nanosheets 
with saturated polymers.

31.2.2.1  Noncovalent Functionalization of Graphene 
Nanosheets with Saturated Polymers

31.2.2.1.1 Electrostatic Interaction
GO nanosheets are heavily oxygenated, resulting in the dis-
ruption of a significant portion of the sp2 electronic network 
and rendering the π–π stacking interaction difficult. GO 
nanosheets are usually noncovalently functionalized with 

charged polymers via electrostatic interactions, as the sur-
face of the GO nanosheets becomes negatively charged in an 
aqueous medium. RGO nanosheets also contain residual car-
boxylic acid groups, which can undergo electrostatic inter-
action with cationic polyelectrolytes to stabilize the RGO 
nanosheets in aqueous solutions. GO and RGO nanosheets 
can be noncovalently functionalized with cationic polyelec-
trolytes, such as poly(diallyldimethylammonium chloride) 
(PDDA) (Bai et  al. 2011; Fang, Y. X. et  al. 2010; Yang, J. 
et al. 2012; Liu, W. Y. et al. 2013), poly(allylamine hydro-
chloride) (PAH) (Kong et  al. 2009), poly-l-lysine (PLL) 
(Some et  al. 2012; Wang et  al. 2013), poly(ethylenimine) 
(PEI) (Dong et al. 2011; Lv et al. 2013), quaternized poly(4-
vinylpyridine)-co-PCN (P4VP-co-PCN) (Wang and Wang 
2011), PDDA-decorated silver nanoparticles (Ag NPs), and 
MnO2-carbon nanotube (CNT) composites (Lei et al. 2012; 
Zhou et  al. 2013), PS-b-P4VP block copolymer micelles 
(BCMs) (Hong et al. 2011), and cationic poly(methyl meth-
acrylate) (PMMA) particles (Pham, V. H. et al. 2012; Yang, 
J. T. et al. 2012).

The electrostatic interaction between GO/RGO nanosheets 
and cationic polymeric materials is used mainly for self-
assembly of ultrathin film systems (Kong et al. 2009; Hong 
et al. 2011; Wang and Wang 2011; Yang, J. et al. 2012; Zhou 
et al. 2013). These multilayer films with controllable thickness 
and order are suitable for the fabrication of ultrathin electron-
ics, optoelectronics, charge storage devices, and sensors (Tang 
et  al. 2011). Yang, J. et  al. (2012), Yang, J. H. et  al. (2012), 
Yang, J. T. et al. (2012), Yang, Q. et al. (2012), Yang, Y. F. et al. 
(2012), and Yang, Y. K. et al. (2012) prepared ultrathin com-
posite films from GO nanosheets and PDDA on quartz sub-
strates via the layer-by-layer (LBL) electrostatic self-assembly 
technique. The ultrathin films from 5 to 10 assembly cycles 
exhibited transmittances of 74% and 49%, respectively, at the 
wavelength of 500 nm. The optical and electrical properties 
of the ultrathin film from five assembly cycles can be fur-
ther improved by incorporation of Ag particles. The trans-
mittance at 500 nm was increased to 82%, while the surface 
resistance was decreased from 430 to 95 kΩ/sq. Hong et al. 
(2011) also prepared multilayer films using RGO nanosheets 
and PS-b-P4VP BCMs in LBL electrostatic self-assembly. 
Figure 31.4a shows the assembly process of cationic three-
dimensional (3D) PS-b-P4VP BCMs and negatively charged 
2D RGO nanosheets on glass substrate. The films became 
intensely yellowish after deposition of 22 bilayers, due to the 
presence of encapsulated coumarin dyes in the cationic 3D 
PS-b-P4VP BCMs (Figure 31.4b). The UV–visible absorption 
intensity of the film at 254 nm, originated from the pyridine 
groups, increases with the increase in bilayer number (Figure 
31.4c). A linear relationship between the absorbance of (PS-b-
P4VP/rGO)n at 254 nm and bilayer number was also observed 
(Figure 31.4d).

The electrostatic interaction between GO/RGO nanosheets 
and cationic polyelectrolytes is also used to promote the 
assembly of inorganic nanomaterials and biomolecules onto 
the GO/RGO nanosheets (Fang, Y. X. et al. 2010; Lei et al. 
2012; Liu, W. Y. et al. 2013; Lv et al. 2013; Wang et al. 2013). 
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A simple approach has been proposed to the assembly of PLL 
onto RGO nanosheets via electrostatic interaction to form a 
stable and biocompatible hybrid in an aqueous solution (Wang 
et al. 2013). Negatively charged hemoglobin (Hb) can be eas-
ily immobilized on the hybrid, via electrostatic interaction 
with the positively charged lysine side chains of PLL on the 
RGO nanosheets, to produce the biocompatible RGO–PLL–
Hb hybrid. The RGO–PLL–Hb hybrid-based enzymatic elec-
trochemical biosensor exhibits excellent catalytic activity 
toward H2O2 reduction. With a detection limit of 0.1 µM, its 
electrochemical response was linear dependent on H2O2 con-
centration in the concentration range between 10 and 80 µM. 
Fang, Y. X. et al. (2010) functionalized the RGO nanosheets 
with PDDA via electrostatic interaction. The PDDA-
decorated RGO nanosheets can be used to attract the nega-
tively charged and citrate-capped gold NPs. The GO–PDDA/
Au NPs were employed to enhance electrochemical sensing of 
H2O2, as they exhibited wider linear ranges and lower detec-
tion limits than most enzyme-based and CNTs-based H2O2 
sensors. PDDA has been used to decorate the MnO2–CNT 
composites (Lei et al. 2012). The PDDA-coated MnO2–CNT 
composites can attach onto the surface of negatively charged 

RGO nanosheets via electrostatic interaction (Figure 31.5a). 
The resulting MnO2–CNT–RGO hybrid-based electrode with 
37 wt% of RGO exhibits a maximum specific capacitance of 
193 F g−1 (Figure 31.5b), which is almost threefold higher than 
that of the CNT–RGO composite and twofold higher than that 
of the MnO2–RGO composite. Moreover, the MnO2–CNT–
RGO hybrid-based electrode shows an excellent rate perfor-
mance and a superior coulombic efficiency (94%–96%) after 
1300 cycles of consecutive galvanostatic charge–discharge 
(Figure 31.5c).

Since PLL has broad-spectrum antibacterial and bacteri-
cidal abilities, the GO/RGO–PLL hybrids were studied for 
their antibacterial activity against Escherichia coli, as well as 
cytotoxicity toward human adipose-derived stem cells (hAd-
SCs) and non-small-cell lung carcinoma (NSCLC) A549 cells 
(Some et al. 2012). The electrostatic interaction between GO/
RGO nanosheets and PLL was enhanced by the introduction 
of carboxylic acid groups on their surfaces from 4-carboxy 
benzene diazonium salt (DS). While the GO–DS–PLL hybrid 
exhibits antibacterial activity, the GO–PLL, GO–DS–PLL, 
and RGO–DS–PLL hybrids enhance cell growth by acting as 
scaffolds for cell attachment and proliferation.
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Electrostatic interaction between the quaternary ammo-
nium groups of PDDA and the carboxylic acid groups of GO 
nanosheets is the dominating driving force for GO gelation 
(Bai et  al. 2011). The critical gelation concentration (CGC) 
of PDDA for 5 mg mL−1 of GO nanosheets was found to 
be 0.1 mg mL−1. This value was much lower than those of 
poly(vinylpyrrolidone) (PVP, 0.5 mg mL−1), poly(ethylene 
oxide) (PEO, 1 mg mL−1), and hydroxypropylcellulose (HPC, 
1 mg mL−1). Thus, electrostatic interaction is more effective 
than hydrogen bonding for GO gelation.

31.2.2.1.2 π–π Stacking Interaction
In order for the saturated polymers to be adsorbed onto the 
graphene nanosheets via π–π stacking interaction, they need 
to either possess or be chemically modified with sp2-hybrid-
ized segments. PS segments in poly(styrene-co-butadiene-
co-styrene) (SBS) (Liu, Y. T. et  al. 2011), aromatic rings of 
PSS (Wang et al. 2009), and imidazolium groups of imidazo-
lium ionic liquids (Imi-ILs) (Yang, Y. K. et  al. 2012) were 
attached onto the graphene nanosheets via π–π stacking 
interaction to form the graphene–saturated polymer nano-
composites. However, saturated polymers without the sp2-
hybridized segments are usually modified with conjugated 
structures, such as pyrene (Liu, J. Q. et al. 2010a,b; Lee et al. 
2011; Teng et al. 2011; Zheng et al. 2012), perylene bisimide 
(PBI) (Kozhemyakina et  al. 2010; Salavagione et  al. 2011a; 

Xu, L. Q. et al. 2011b), fluorescein (Liu, Q. Y. et al. 2013), and 
oligo(p-phenylene-ethynylene) (OPE) (Qi et al. 2010a) at the 
ends, centers, or side chains, to provide the anchorages.

PBI-containing poly(glyceryl acrylate) (PGA) has been 
synthesized via atom transfer radical polymerization (ATRP) 
of solketal acrylate (SA), using bifunctional PBI–Br as the ini-
tiator, followed by hydrolysis of the acetal-protecting group 
(Xu, L. Q. et al. 2011b). The PBI-containing PGA can be used 
to functionalize RGO nanosheets via π–π stacking interac-
tion (Figure 31.6). The resulting RGO–PGA hybrid is stable 
and remains uniformly dispersed in an aqueous solution for at 
least 2 weeks. The RGO–PGA hybrid also exhibits low cyto-
toxicity level toward 3T3 fibroblasts in 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assays in 
vitro.

31.2.2.1.3 Host–Guest Interaction
Cyclodextrin (CD) is a cyclic oligomer of seven d-(+)- 
glucopyranose units with a hydrophobic cavity (Harada and 
Hashidzume 2010; Chen and Jiang 2011). The hydrophobic 
cavity of CD is of great significance in supramolecular chem-
istry because it can selectively bind “guest” molecules via 
noncovalent interaction to form inclusion complexes (Harada 
and Hashidzume 2010; Chen and Jiang 2011). By covalent 
functionalization of graphene nanosheets with CD, not only 
are the graphene nanosheets imparted with dispersibility and 
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stability in aqueous media, they also exhibit supramolecu-
lar recognition capabilities of the CD. β-CD-functionalized 
RGO nanosheets (RGO–CD) have been prepared via solu-
tion-based synthesis in a one-pot process, involving simulta-
neous solvothermal reduction of GO nanosheets and nitrene 
addition of azido-labeled CD to RGO nanosheets (Xu et al. 
2013a). The RGO–CD nanosheets were further functional-
ized with poly(N-isopropylacrylamide-co-vinylferrocene(II)) 
(PNIPAM–Fc) and ferrocene-modified hyperbranched poly-
glycerol (HPG–Fc) via host–guest inclusion complexation of 
CD and Fc moieties to form the RGO–CD/Fc–PNIPAM and 
RGO–CD/Fc–HPG hybrids, respectively (Figure 31.7). Both 
RGO–CD/Fc–PNIPAM and RGO–CD/Fc–HPG hybrids are 
dispersible and stable in a wider range of solvents. The RGO–
CD/Fc–PNIPAM hybrid exhibits reversible dispersibility in 
an aqueous solution at a lower critical solution temperature 
(LCST) of 28°C. The RGO–CD/Fc–HPG hybrid also exhibits 

low cytotoxicity toward 3T3 fibroblasts in an MTT cell viabil-
ity assay.

CD-modified RGO nanosheets have been synthesized 
via amine-epoxy reaction between GO nanosheets and 
ethylenediamino-β-CD (EDA–CD) (Liu, J. H. et  al. 2011). 
The azobenzene- terminated poly-(N,N-dimethylacrylamide)-
b-PNIPAM (AZO–PDMA-b-PNIPAM) block copolymers 
were subsequently coupled to the RGO nanosheets via host–
guest inclusion complexation. Owing to large and flexible 
2D  structure of graphene nanosheets, the resulting RGO–
CD/AZO–PDMA-b-PNIPAM hybrid turned into supramo-
lecular hydrogels upon heating.

31.2.2.2  Covalent Functionalization of Graphene 
Nanosheets with Saturated Polymers

In general, the major strategies used to attach saturated poly-
mers covalently to GO nanosheets can be categorized into 
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“grafting-from” and “grafting-to” approaches. The avail-
ability of oxygen functionalities on GO nanosheets allows 
the surface modification of graphene using well-established 
organic reactions. The carboxylic acid groups are the most 
utilized functionality for the covalent immobilization of 
saturated polymers on GO nanosheets via esterification and 
amidation. The carboxyl groups can be readily converted to 
other functionalities, such as alkynyl, amine, hydroxyl, and 
reactive pentafluorophenyl ester groups, for further covalent 
coupling of saturated polymers in the “grafting-to” process. 
The epoxy groups are also attractive sites for attachment of 
amine-containing saturated polymers. On the other hand, the 
oxygen functionalities of GO nanosheets allow the growth of 
saturated polymers in a “grafting-from” process (Salavagione 
et al. 2011b). The oxygen functionalities can be transformed 
into either ATRP initiators to initiate the ATRP or chain 
transfer agents to mediate the reversible addition–fragmen-
tation chain transfer (RAFT) polymerization. RGO and gra-
phene nanosheets from exfoliation of graphite flakes can also 
be functionalized with binding sites for both “grafting-from” 
and “grafting-to” processes via diazonium addition, Diels–
Alder addition, nitrene addition, and radical coupling (He and 
Gao 2010; Hsiao et al. 2010; Ren et al. 2012; Yuan et al. 2012).

31.2.2.2.1 “Grafting-From” Methods
“Grafting-from” methods are highly appealing as they pro-
vide a high degree of control over the architecture of GO–
saturated polymer hybrids and allow the fine-tuning of the 
hybrid properties. The degree of polymerization from gra-
phene nanosheets can be controlled by the concentration of 
initiator sites. As the initiator sites are already anchored on 
the graphene nanosheets prior to polymerization, the addi-
tion of monomers are sterically less hindered in comparison 
to the “grafting-to” methods. Chain growth polymerizations, 
including ATRP, RAFT polymerization, ring-opening polym-
erization (ROP), Ziegler–Natta polymerization, free radical 
polymerization, single-electron transfer living radical polym-
erization (SET-LRP), and step growth polymerization can be 
employed for the preparation of graphene-saturated polymer 
hybrids.

31.2.2.2.1.1  ATRP ATRP is the most widely used con-
trolled radical polymerization technique among the “grafting-
from” strategies as it is a simple and powerful method that 
can grow well-defined polymer brushes from surfaces. ATRP 
is also a versatile method in terms of its compatibility with 
a large assortment of monomers and functional groups (Xu 
et  al. 2009). ATRP has been applied to functionalize gra-
phene nanosheets with saturated polymer chains, including 
PMMA (Goncalves et al. 2010; Layek et al. 2010; Lee et al. 
2010; Ren et al. 2011; Ou et al. 2012), PS (Fang et al. 2009; 
Lee et al. 2010; Fang, M. et al. 2010; Fang, Y. X. et al. 2010; 
Ren et al. 2011), PNIPAM (Ren et al. 2012; Zhu et al. 2012), 
poly(tert-butyl acrylate) (PtBA) (Li, G. L. et al. 2010; Bak and 
Lee 2012), poly(methacrylamide) (PMAAM) and poly(4-divi-
nylbenzene) (PDVB) mixture (Chang et al. 2011), poly(butyl 
acrylate) (PBA) (Lee et  al. 2010), poly(dimethylaminoethyl 

methacrylate) (PDMAEMA) (Yang et  al. 2009; Bak et  al. 
2012; Kavitha et al. 2013; Gao, T. T. et al. 2013), PSS (Sun 
et al. 2013), and poly(hydroethyl acrylate) (PHEA) (Ji et al. 
2013).

Prior to surface-initiated ATRP, the ATRP initiator sites 
have to be introduced onto graphene nanosheets. For GO 
nanosheets, they were mainly introduced via chemical modi-
fication of the carboxylic acid groups. The carboxylic acid 
groups of GO nanosheets can be converted to acyl chloride 
groups (Goncalves et  al. 2010; Ren et al. 2011) or activated 
by N-hydroxy succinimide (NHS) (Yang et al. 2009; Kavitha 
et al. 2013; Sun et al. 2013), which upon treatment with eth-
ylene glycol, 1,3-propane diamine, or ethylene diamine can 
produce GO nanosheets rich in hydroxyl or amino groups. 
The ATRP initiators are then coupled to the OH- or amino-
rich GO nanosheets via esterification with α-bromoisobutyryl 
bromide. The acyl chloride groups of GO nanosheets can 
also undergo esterification with the hydroxyl-containing 
ATRP initiator, 2-hydroxylethyl-2′-bromoisobutyrate (HEBrIB) 
(Chang et  al. 2011; Ji et  al. 2013). The hydroxyl groups of 
GO nanosheets can be converted to ATRP initiator sites via 
esterification with α-bromoisobutyryl bromide (Lee et  al. 
2010; Layek et al. 2010; Zhu et al. 2012) or silanization with 
trichloro(4-chloromethylphenyl)silane (Li, G. L. et al. 2010). 
The basal plane of GO nanosheets has also been utilized to 
attach the pyrene-containing ATRP initiator via π–π stacking 
interaction (Gao, T. T. et al. 2013).

1,3-Propane diamine has also been coupled to the car-
boxylic acid groups of GO nanosheets, followed by amida-
tion with α-bromoisobutyryl bromide (Yang et al. 2009). The 
ATRP initiator sites on GO nanosheets were then utilized to 
initiate the polymerization of DMAEMA, using N,N,N,N,N-
pentamethyldiethylenetriamine (PMDETA) and CuBr as the 
catalyst system, in the presence of a sacrificial ATRP initiator 
(Figure 31.8). Because the free polymers initiated by the sac-
rificial initiators in solution have similar molecular weights 
and polydispersibility (PDI) as those grafted from the solid 
substrates (Xu et  al. 2009), the number-average molecular 
weight (Mn) and PDI of PDMAEMA grafted from the GO 
nanosheets were determined by gel permeation chroma-
tography (GPC) to be 27,000 g mol−1 and 1.72, respectively. 
The resulting GO–PDMAEMA hybrid exhibited good 
solubility in aqueous solutions of low pH (pH = 1), as well 
as in methanol. Since the GO–PDMAEMA hybrid is posi-
tively charged, it can interact with the negatively charged 
3D nanomaterials to form 2D–3D composites. Poly(ethylene 
glycol  dimethacrylate-co-methacrylic acid) (poly(EGDMA-
co-MAA)) particles with carboxylic acid groups were pre-
pared by distillation–precipitation copolymerization and 
decorated on GO nanosheets via electrostatic interaction.

Diazonium addition was employed to functionalize  sin-
gle-walled CNTs and to enhance the dispersion of CNTs in 
organic solvents (Lomeda et al. 2008). In a similar approach, 
the oxygen-deficient RGO nanosheets can be functionalized 
with hydroxyl groups via diazonium addition (Fang et  al. 
2009; Fang, M. et al. 2010; Wang, D. R. et al. 2011; Ren et al. 
2012; Bak and Lee 2012; Bak et al. 2012; Fang et al. 2012) to 
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allow reaction with isopentyl nitrite and hydroxyl-containing 
aniline. The OH-rich RGO nanosheets can be further esteri-
fied by α-bromoisobutyryl bromide or α-bromopropionyl 
bromide to introduce the ATRP initiator sites. Diazonium 
addition involves direct functionalization of sp2 carbons of 
RGO nanosheets, and enables high loading of ATRP initia-
tor sites onto the nanosheet surface (Fang et  al. 2009). The 
amount of bonded initiator sites can be modulated by the 
concentration of diazonium salt during the coupling reac-
tion (Bak and Lee 2012). The RGO nanosheets can also be 
modified with hydroxyl groups via 1,3-dipolar cycloaddition 
reaction of azomethine ylides in the presence of sarcosine and 
3,4-dihydroxybenzaldehyde. The OH-rich RGO nanosheets 
are then treated with α-bromopropionyl bromide to introduce 
the ATRP initiator sites (Ou et al. 2012).

RGO nanosheets were functionalized with hydroxyl 
groups via diazonium addition in the presence of 4-amino-
phenol and isoamyl nitrite (Ren et al. 2012). After the reaction 
with α-bromopropionyl bromide, surface-initiated ATRP of 

NIPAM was carried out to form the RGO–PNIPAM hybrid 
(Figure 31.9a). The RGO–PNIPAM hybrid forms a stable 
suspension in water below the LCST (32°C) of PNIPAM, 
but precipitate readily when the temperature is higher than 
the LCST. The precipitated RGO–PNIPAM hybrid can be 
redispersed into water when the medium is cooled to below 
the LCST. The reversible thermoresponsive behavior of the 
RGO–PNIPAM hybrid is due to the C═O and N─H bonds of 
PNIPAM, which form intramolecular hydrogen bonds above 
the LCST and intermolecular H-bonding with the surround-
ing H2O below the LCST (Figure 31.9b). The former favors 
the release of H2O molecules and leads to insoluble aggregate, 
while the latter tends to trap H2O molecules to give rise to a 
soluble dispersion.

31.2.2.2.1.2  RAFT Polymerization RAFT polymeriza-
tion is another controlled radical polymerization method that 
has been used to graft polymers from CNTs (Sakellariou 
et  al. 2013). RAFT polymerization utilizes thiocarbonylthio 
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compounds, such as dithioesters, thiocarbonates, and xan-
thates, to mediate the polymerization via a reversible chain 
transfer process (McCormick and Lowe 2004). Similar to 
ATRP, it is known for its compatibility with a wide range of 
monomers. The reversible chain transfer process is also suit-
able for use under a wide range of reaction conditions. As 
the propagation is controlled by the amount of chain trans-
fer agents, attachment of appropriate thiocarbonylthio com-
pounds on graphene nanosheets provides an opportunity 
for grafting of saturated chains via surface-initiated RAFT 
polymerization.

Li, Y. et  al. (2010) first reported RAFT polymerization 
from graphene nanosheets. The GO nanosheets were pretreated 
with thionyl chloride and reacted with bromo-containing 

HEBrIB. Subsequent nucleophilic substitution of alkyl bro-
mide by a dithiocarboxylate salt led to the in situ formation 
of dithioesters. The dithioester-functionalized GO nanosheets 
were then used to mediate the RAFT polymerization of DVB 
and MAAM in the presence of 2,4-dichlorophenol (2,4-DCP, a 
model analyte) to construct GO–molecularly imprinted poly-
mer (GO–MIP) hybrids.

Zhang, P. P. et al. (2011), and Etmimi et al. (2011) used the 
hydroxyl groups of GO nanosheets to couple the chain trans-
fer agent, 2-(dodecylthiocarbonothioylthio)-2-methylpropi-
onic acid (DDMAT), via esterification. N-Vinylcarbazole and 
styrene were then polymerized from the chain transfer agent-
immobilized GO nanosheets to result in the GO-poly(N-
vinylcarbazole) (PVK) (Zhang, B. et al. 2011a) and GO–PS 
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hybrids (Etmimi et al. 2011), respectively. Taking the GO–PS 
hybrid as an example, the Mn of grafted PS chains, after cleav-
age from GO nanosheets under base condition, decreased with 
the increase in GO-based chain transfer agent (GO–DDMAT) 
to styrene weight ratio, with the highest Mn of 177,400 g mol−1 
obtained at 1 wt% of GO–DDMAT. The PDI of grafted PS 
chains also decreased with the increase in the weight ratio 
of GO–DDMAT to styrene, with the lowest PDI of 1.26 
obtained at 7 wt% of GO–DDMAT. The thermal stability and 
mechanical properties of the obtained GO–PS hybrid were 
better than those of the neat PS. Furthermore, the mechanical 
properties were dependent on the GO content in the hybrid 
(i.e., the amount of GO–DDMAT). Figure 31.10a shows the 
storage modulus of the GO–PS hybrids, prepared from GO–
DDMAT to styrene weight ratios of 1, 2, 3, and 6 wt%, as 
a function of temperature. At 1 wt% of GO–DDMAT, the 
storage modulus of the hybrid in the glassy state is lower 
than that of the PS standard (5.7 × 107 Pa). However, samples 
with higher GO content (2, 3, and 6 wt% of GO–DDMAT) 
exhibit higher storage modulus than that of the PS standard. 
The loss modulus of GO–PS hybrids also increases with the 
increase in GO–DDMAT to styrene weight ratio. As show in 
Figure 31.10b, the loss modulus of GO–PS hybrids at 1, 2, and 
3 wt% of GO–DDMAT is lower than that of the PS standard 
(1.6 × 107 Pa). At 6 wt% of GO–DDMAT, the loss modulus is 
higher than that of PS standard. The enhancement in storage 
and loss modulus have been caused by the strong interaction 
between PS chains and GO nanosheets of a high aspect ratio, 
resulting in a decrease in the mobility of PS segment near the 
PS–GO interface.

In the subsequent work, Jiang et  al. (2012) syn-
thesized two silane-containing chain transfer agents, 
S-methoxycarbonylphenylmethyl S′-3-(trimethoxysilyl)prop-
yltrithiocarbonate (MPTT) and S-4-(trimethoxysilyl)benzyl 
S′-propyltrithiocarbonate (TBPT), which were simultaneously 

immobilized onto GO nanosheets via hydroxyl-alkoxysilane 
coupling reaction (silanization), to mediate the RAFT polym-
erization of NIPAM, styrene, tBA, methyl acrylate (MA), 
DMA, and N-acrylomorpholine (NAM). Thus, the GO–homo-
polymer hybrids were obtained in a one-pot process. These 
chain transfer agents were further used to mediate the RAFT 
polymerization of styrene in the absence of GO nanosheets. 
The obtained PS-based macro-chain transfer agents were 
employed to prepare the diblock copolymers-grafted GO 
nanosheets via simultaneous surface immobilization of PS 
chains and insertion of monomers (NIPAM, MA, or tBA) 
into the grafted chains. After cleavage of the grafted chains 
by treatment with HF or a large amount of thermal initiators, 
both the homopolymers and diblock copolymers exhibited 
well-controlled molecular weight and PDI (Figure 31.11).

Several other methods have also been developed to immo-
bilize the chain transfer agents onto graphene nanosheets. 
RGO nanosheets were functionalized with alkyne moieties 
via diazonium addition, followed by “click” immobilization 
of the azido-containing chain transfer agents (Yang, Y.  F. 
et  al. 2012; Ye et  al. 2012). NIPAM, styrene, DMAEMA, 
MMA, 4VP, and MA were successfully polymerized from 
the chain transfer agent-functionalized RGO nanosheets via 
surface-initiated RAFT polymerization. RGO nanosheets 
were functionalized with a pyrene-containing chain transfer 
agent via π–π stacking interaction, followed by RAFT polym-
erization of MAA, styrene, and DMAEMA (Cui et al. 2012). 
Beckert et al. (2012) functionalized GO, stearylamine-modi-
fied GO, and RGO nanosheets with dithiourethane, dithioes-
ter, or dithiocarbonate to mediate the RAFT polymerization 
of styrene.

31.2.2.2.1.3  ROP ROP is a form of chain growth polym-
erization in which the terminal end of a compound acts 
as a reactive center, where cyclic monomers join to form 
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a larger polymer chain through ionic propagation. The 
presence of carboxylic acid and hydroxyl groups on GO 
nanosheets can be employed as reactive centers to initiate 
the ROP of d-lactide (Sun and He 2012), glycidol (Pham 
et al. 2010), and ε-caprolactam (Xu and Gao 2010), result-
ing in the GO–poly(d-lactide), GO–HPG, and GO–nylon-6 
hybrids, respectively. The residual hydroxyl groups of RGO 
nanosheets were also utilized as reactive centers to initiate 
the ROP of ε-caprolactone (ε-CL) (Thinh et  al.  2012) and 
l-lactide (Yang, J. H. et al. 2012), leading to the formation 
of GO–poly(ε-CL) (PCL) and GO–poly(l-lactide) hybrids, 
respectively.

Besides the intrinsic oxygen functionalities on GO and 
RGO nanosheets, additional amino and isocyanato groups 
can be coupled to graphene nanosheets to increase the 
graft density of nylon-6 during the ROP of ε-caprolactam. 
Treatment of GO nanosheets with 4-aminobenzoic acid in 
the presence of polyphosphoric acid (PPA) and P2O5 at 130°C 
for 3 h not only thermally reduced the GO nanosheets, but 
also introduced amino moieties via Friedel–Crafts acylation 
to provide the reactive center for ROP of caprolactam (Liu, 
H. H. et al. 2012). The difunctional 4,4′-methylenebis(phenyl 
isocyanate) coupled with the hydroxyl groups of GO 
nanosheets, leaving additional isocyanato moieties for the 
subsequent ROP of caprolactam (Zhang, X. Q. et al. 2012). 
By using a caprolactam magnesium bromide initiator in 
combination with a difunctional hexamethylene-1,6-dicar-
bamoylcaprolactam activator, the ROP from isocyanato-
functionalized GO nanosheets was effectively carried out 
at relatively low reaction temperature (150°C) and within a 
short reaction time (20–40 min).

GO nanosheets were functionalized with additional 
hydroxyl groups using a norepinephrine-based polymer 
inspired by the robust adhesion of marine mussels (Kang 
et  al. 2011). This process involves pH-triggered oxidative 
polymerization of norepinephrine in the presence of GO 
nanosheets, with simultaneous surface coating and reduction 
of the GO nanosheets (Figure 31.12). The obtained OH-rich 
RGO–poly(norepinephrine) hybrid can be used to initiate the 
ROP of ε-CL.

31.2.2.2.1.4  Ziegler–Natta Polymerization The key to 
successfully implementing surface-initiated Ziegler–Natta 
polymerization is to generate isospecific active sites on 
the surface (Wang, N. et  al. 2012). The presence of oxy-
gen functionalities in GO nanosheets facilitates the inter-
calation of Ziegler–Natta catalysts on the basal plane and 
edge of GO nanosheets. GO nanosheets were treated with 
a Grignard reagent C4H9MgCl in THF at 80°C, followed by 
immersion in excessive TiCl4 at 150°C to generate the Mg/
Ti-based Ziegler–Natta catalyst on GO nanosheets (Huang 
et al. 2010). The GO-supported Ziegler–Natta catalyst was 
used in the surface-initiated polymerization of propyl-
ene, leading to the formation of GO–polypropylene (PP) 
hybrid (Figure 31.13). The as-synthesized GO–PP hybrid 
exhibited a high electrical conductivity (σc) of 0.3 S m−1 
at the GO-supported Ziegler–Natta catalyst to propylene 

weight ratio of 4.9 wt%. The σc of 9.33 × 10−4 S m−1 for the 
GO–PP hybrid-based film with 1.52 wt% GO-supported 
Ziegler–Natta catalyst already satisfied the antistatic cri-
terion (10−6 S m−1). Excessive Grignard reagent C4H9MgCl 
treatment of GO nanosheets can spontaneously reduce 
GO nanosheets and immobilize Ziegler–Natta catalyst 
onto their surfaces (Huang, Y. J. et al. 2012). The obtained 
GO–PP hybrid exhibited a higher σc of 28.5 S m−1 at the 
GO-supported Ziegler–Natta catalyst to propylene weight 
ratio of 4.0 wt% (4.1 vol%).

31.2.2.2.1.5  Other Polymerizations Other polymeriza-
tions apart from ATRP, RAFT polymerization, ROP, and 
Ziegler–Natta polymerization, including free radical polym-
erization, SET-LRP, and step growth polymerization, have 
also been investigated.

Free radical polymerization from graphene nanosheets 
focuses mainly on three strategies: (i) introduction of vinyl 
groups onto GO nanosheets via esterification, epoxy-amine 
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reaction, or silanization (Pramoda et  al. 2010; Huang et  al. 
2011; Lo et al. 2011; Mohamadi et al. 2011; Tan et al. 2013); 
(ii) generation of radicals on graphene nanosheets via micro-
wave, UV, or γ-ray irradiation, and Ce(IV)–hydroxyl redox 
pair (Wang, B. D. et al. 2011; Chen, L. et al. 2012; Zhang, B. 
W. et al. 2012; Park et al. 2012; Aldosari et al. 2013; Ma et al. 
2013; Seifert et al. 2013); and (iii) utilization of active double 
bonds of graphene nanosheets (Wu and Liu 2010; Kan et al. 
2011; Steenackers et al. 2011; Feng et al. 2012; Qi et al. 2012; 
Wu et al. 2012; Yin et al. 2012; Dong et al. 2013).

SET-LRP has shown distinct advantages, including low 
polymerization temperature (room temperature and below), 
low catalyst concentration, ultrafast polymerization, and high 
molecular weight with low PDI, over other controlled radical 
polymerizations (ATRP and RAFT polymerization) after its 
emergence in 2006 (Percec et al. 2006). SET-LRP is emerg-
ing as a valuable technique for the preparation of GO–poly-
mer nanocomposites. Since the structure of the SET-LRP 
initiator is similar to that of the ATRP initiator, the previous 
approaches used for the introduction of ATRP initiator sites on 
graphene nanosheets can also be employed. RGO nanosheets 
were functionalized with hydroxyl groups via diazonium 
addition, followed by introduction of initiator sites via esteri-
fication with α-bromopropionyl bromide for surface-initiated 

SET-LRP of tBA (Chen et  al. 2011). Hydroxyl groups were 
introduced onto GO nanosheets via the ring-opening reaction 
of epoxy moieties with tris(hydroxymethyl) aminomethane 
(Deng, M. et  al. 2011; Deng, Y. et  al. 2011a,b; Deng, X. P. 
et al. 2012; Deng, Y. et al. 2012). The introduced and the exist-
ing hydroxyl groups on GO nanosheets were esterified with 
α-bromoisobutyryl bromide to introduce the initiator sites for 
the surface-initiated SET-LRP of NIPAM (Deng, X. P. et al. 
2012; Deng, Y. et  al. 2012) and poly(ethylene glycol) ethyl 
ether methacrylate (PEGMEMA, Mn = 246) (Deng, M. et al. 
2011; Deng, Y. et al. 2011a,b). Polyesters (Liu, K. et al. 2011; 
Wang, X. W. et al. 2012), poly(amic acid) (Wang, J. Y. et al. 
2011; Yoonessi et  al. 2012; Liao et  al. 2013), polyurethanes 
(Kim et al. 2010b; Wang, X. et al. 2011; Yadav and Cho 2013), 
poly(ether-ketone) (PEK) (Choi et al. 2010; Jeon et al. 2011), 
and poly(arylene ether sulfone) (Lee, J. S. et  al. 2012) have 
been successfully grafted from graphene nanosheets via step 
growth polymerization.

31.2.2.2.2 “Grafting-To” Methods
In these methods, graphene nanosheets are adequately modi-
fied with functional groups, which can react with presynthe-
sized polymers via covalent interaction. The “grafting-to” 
methods are fundamentally simple and highly versatile 
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because of the presence of abundant oxygen functionalities 
on graphene nanosheets to allow immobilization of anchoring 
sites onto graphene nanosheets. Moreover, the presynthesized 
saturated polymers can be thoroughly characterized via vari-
ous chemical and physical methods, providing good control 
over molecular weight, PDI, and functionalities. Although 
the “grafting-to” methods have well-known drawbacks of low 
grafting density, rates, and efficiency due to steric effects, 
they have been widely utilized to graft saturated polymers 
onto graphene nanosheets.

Table 31.2 summarizes the types of reaction and satu-
rated polymers that have been used to functionalize graphene 
nanosheets via the “grafting-to” methods. The oxygen func-
tionalities on graphene nanosheets brought about a tremen-
dous degree of flexibility on the choice of various chemical 
reactions suitable for the “grafting-to” methods.

Examples reported in the literature have included the 
utilization of reactions between epoxy and amino groups, 
carboxylic acid and hydroxyl groups, hydroxyl and silane 
groups, and carboxylic acid and amino groups. For instance, 
the amino-containing POA can react with the epoxy groups 
on GO nanosheets in a ring-opening process to form the 
GO–POA hybrid (Hsiao et al. 2010; Zaman et al. 2012). The 
hydroxyl groups of PVA esterify with the carboxylic acid 
groups on GO nanosheets to produce the GO–PVA hybrid 
(Salavagione et al. 2009; Wang, D. R et al. 2012). PEI with 
amino groups can conjugate with GO nanosheets via amida-
tion of the amino groups with the carboxylic acid groups on 
GO nanosheets (Zhou, X. et al. 2012). The hydroxyl groups 
on GO nanosheets can be used as anchoring sites for covalent 
bonding of the carboxylic acid-containing PVP and silane-
containing PEG-based triblock copolymers via esterification 
(Zhang, J. L. et al. 2010) and silanization (Zhang, P. P. et al. 
2011), respectively.

The presence of double bonds on graphene nanosheets 
enables a series of addition reactions on their surface, such as 
radical coupling addition, nitrene addition, and Diels–Alder 
addition. GO–PVA hybrid was prepared by ultrasonication 
of graphene nanosheets in an aqueous solution of PVA. The 
ultrasonic treatment induces the degradation of PVA, lead-
ing to the breakage of macromolecular C–C bonds and the 
formation of long-chain radicals (Shen, B. et  al. 2012). The 
PVA macromolecular radicals react with graphene nanosheets 
via radical coupling addition. GO nanosheets were function-
alized with azido-containing saturated polymers via nitrene 
chemistry (He and Gao 2010). Azido moieties of the polymers 
decomposed under thermolysis condition to exclude molecu-
lar nitrogen to result in highly reactive nitrenes. The nitrenes 
can react with hydrocarbons by abstraction of hydrogen and 
addition to C∙C double bonds of GO nanosheets to form 
aziridine rings. Yuan et al. (2012) synthesized the cyclopenta-
dienyl-capped PEG, which can react with the double bonds on 
RGO nanosheets to form [4 + 2] cycloaddition products under 
mild conditions in the absence of catalyst.

Besides the intrinsic functional groups, amino, isocya-
nato, and nitroxide groups can be introduced onto graphene 
nanosheets for grafting of saturated polymers via amida-
tion, amidation and atom transfer nitroxide radical coupling 
(ATNRC), respectively. The reaction of 4-aminobenzylamine 
with carboxylic acid and epoxy groups via amidation and 
epoxy-amine reaction, respectively, introduces amino moi-
eties onto GO nanosheets. The amino-functionalized GO 
nanosheets could react with polynorbornene dicarboxylic 
anhydride via the formation of imide bonds (Lee, D. et  al. 
2012). The treatment of GO nanosheets with toluene-2,4-di-
isocyanate (TDI) can lead to the derivatization of both carbox-
ylic acid and hydroxyl groups by the formation of amides and 
carbamate esters, respectively. The isocyanoto groups on GO 
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TABLE 31.2
Types of Saturated Polymers Coupled to Graphene Nanosheets

GO Functionalities Saturated Polymers Types of Reaction Main Findings Potential Application References

Introduced amino group Polynorbornene 
dicarboxylic anhydride

Amidation Enhanced mechanical and 
oxygen barrier properties

Gas barrier films and 
anticorrosion materials

Lee, J. S. et al. (2012)

Introduced isocyanato 
group

PVK Amidation Bistable electrical conductivity 
switching

Nonvolatile rewritable 
memory

Liu et al. (2009), Zhang, 
B. et al. (2010)

Carboxylic acid Poly(phenylene 
benzobisoxazole) 
(PBO)

Amidation Improved wettability and 
mechanical interlocking

tbd Li, Y. W. et al. (2013)

Carboxylic acid PEI Amidation Efficient DNA delivery Targeted delivery and 
intracellular sensors

Zhou, X. et al. (2012)

Carboxylic acid PEI Amidation High nucleic acids transfection 
efficiency

Gene therapy Tripathi et al. (2013)

Carboxylic acid Polyethylene glycol 
(PEG)

Amidation High physiological solubility 
and stability in circulation and 
excellent drug loading 
efficiency

Photodynamic therapy 
and gene therapy

Wen et al. (2012)

Carboxylic acid PEG Amidation Efficient deliver proteins to 
cytoplasm

Protein delivery vector Shen, H. et al. (2012)

Carboxylic aid PEG Amidation Superior in vivo safety Drug carrier Miao et al. (2013)

Carboxylic acid Ovalbumin (OVA) Amidation Retained OVA bioactivity tbd Shen et al. (2011)

Carboxylic acid HPG Amidation Improved biocompatibility Drug carrier Xu et al. (2013b) 

Carboxylic acid Lysozyme (Lyz) Amidation High biocidal efficiency Antibacterial agent Xu et al. (2013b) 

Carboxylic acid Chitosan Amidation Superior loading capacity for 
anticancer drug and DNA

Cancer therapy Bao et al. (2011)

Carboxylic acid Chitosan Amidation Effective dispersion of 
multiwalled CNTs

tbd Pan et al. (2011a) 

Carboxylic acid Chitosan Amidation High Pb(II) adsorption capacity Sorbents Fan et al. (2013)

Carboxylic acid Chitosan Amidation Excellent biocompatibility and 
bioactivity

Electrorheological 
materials

Hu et al. (2011)

Carboxylic acid Chitosan Amidation tbd tbd Yang, Q. et al. (2012)

Carboxylic acid Bovine serum albumin 
(BSA)

Amidation Retained BSA bioactivity tbd Shen et al. (2010)

Introduced amino 
group

PP Amidation Enhanced flame retardancy, 
thermal stability, mechanical 
strength, and nucleation ability

tbd Cao et al. (2012)

Carboxylic acid HPC Esterification tbd tbd Yang, Q. et al. (2012)

Hydroxyl group PVP Esterification Humidity-responsive electrical 
conductivity

Sensors Zhang, J. L. et al. (2010)

Carboxylic acid Poly(vinyl alcohol) 
(PVA)

Esterification Remarkably changed 
crystallinity and thermal 
stability

tbd Salavagione et al. (2009)

Carboxylic acid PVA Esterification Effective dispersion of graphene 
nanosheets into polymeric 
matrix

Energy storage Wang, D. R et al. (2012)

Carboxylic acid PCL Esterification Increased Young’s modulus, 
tensile strength, and electrical 
conductivity

Tissue engineering Sayyar et al. (2013)

Hydroxyl group Polysebacic anhydride Esterification Excellent drug loading efficiency 
and long drug release duration

Cancer therapy Gao et al. (2011)

Introduced alkynyl 
group

Poly(styrene-b-
ethylene-co-butylene-
b-styrene) (SEBS)

Click reaction Improved mechanical properties 
and thermal stability

Reinforcing fillers Cao et al. (2011)

Introduced alkynyl 
group

PNIPAM Click reaction Effective vehicle for anticancer 
drug delivery

Cancer therapy Pan et al. (2011b) 

(Continued)
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nanosheets can further react with carboxylic acid-terminated 
PVK via amidation (Liu et al. 2009; Zhang, B. et al. 2010). 
The radical scavenger species, 2,2,6,6-tetramethylpiperi-
dine-1-oxyl (TEMPO), can be anchored onto carboxylic acid 
groups of GO nanosheets to afford the nitroxide-functional-
ized GO nanosheets, which can react with the presynthesized 
bromo-terminated PNIPAM via ATNRC (Deng, M. et  al. 
2011; Deng, Y. et al. 2011a).

Alkynyl and azido moieties have also been introduced 
onto graphene nanosheets for “clicking” of the presyn-
thesized azido- and alkynyl-functionalized polymers via 
Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC). GO 
nanosheets were functionalized with alkynyl moieties via 

amidation of propargylamine (Pan et  al. 2011b). An azido-
terminated PNIPAM was synthesized by ATRP, followed by 
substitution of the terminal halide groups with azido moi-
eties. The PNIPAM chains were subsequently grafted to the 
alkynyl-functionalized GO nanosheets via “Click” chemis-
try (Figure 31.14). The GO–PNIPAM hybrid exhibited high 
dispersibility and stability in aqueous and organic solvents. 
Owing to the conjugated structure of the GO basal plane, 
the GO–PNIPAM hybrid can immobilize and adsorb water-
insoluble drugs, camptothecin, via noncovalent van der Waals 
and π–π stacking interactions. MTT assay revealed that the 
camptothecin-loaded GO–PNIPAM hybrid exhibited a high 
potency of killing cancer cells in vitro.

TABLE 31.2 (continued)
Types of Saturated Polymers Coupled to Graphene Nanosheets

GO Functionalities Saturated Polymers Types of Reaction Main Findings Potential Application References

Introduced alkynyl 
group

Poly{2,5-bis[(4-
methoxyphenyl)
oxycarbonyl]styrene} 
(PMPCS)

Click reaction Improved mechanical properties 
of liquid crystalline PMPCS

tbd Jing et al. (2013)

Introduced azido group PEG and PS Click reaction Improved dispersibility in 
organic solvents

tbd Kou et al. (2010)

Introduced alkynyl 
group

PCL Click reaction Improved mechanical properties, 
thermal stability, and 
thermo-responsive shape 
memory properties

Reinforcing fillers Yadav et al. (2013)

Introduced catechol 
group

PEG Michael addition/
Shiff base 
reaction

Improved dispersibility in 
organic solvents

tbd Xu et al. (2010)

Introduced catechol 
group

Heparin Michael addition/
Shiff base 
reaction

Anticoagulant bioactivity tbd Cheng et al. (2012, 2013)

Introduced catechol 
group

BSA Michael addition/
Shiff base 
reaction

Excellent stability in aqueous 
medium

tbd Cheng et al. (2013)

Epoxy group Poly(oxyalkylene) 
(POA)

Epoxy-amine 
reaction

Improved dispersibility in 
polymer matrix and mechanical 
properties, and exhibited a low 
percolation threshold

tbd Zaman et al. (2012)

Epoxy group POA Epoxy-amine 
reaction

Improved thermal stability tbd Hsiao et al. (2010)

Double bond POA Radical coupling Improved thermal stability tbd Hsiao et al. (2010)

Double bond PVA Radical coupling Increased Young’s modulus and 
tensile strength

tbd Shen, B. et al. (2012)

Double bond PMMA Radical coupling Excellent electrical conductivity tbd Vuluga et al. (2011)

Introduced nitroxide 
group

PNIPAM ATNRC Thermo-responsive property tbd Deng, M. et al. (2011), 
and Deng, Y. et al. 
(2011a) 

Double bond PEG Diels–Alder 
addition

Improved dispersibility in 
organic solvents

tbd Yuan et al. (2012)

Hydroxyl group PEG-based triblock 
copolymers

Silanization Improved dispersibility in 
organic solvents

tbd Zhang, P. P. et al. (2011)

Double bond PEG, PCL, and PS Nitrene addition Improved dispersibility in 
organic solvents

tbd He and Gao (2010)

tbd: to be determined.
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Graphene nanosheets have also been covered by a polymeric 
layer bearing reactive catechol moieties. The catechol groups 
can be utilized to graft thiol- and amino-containing saturated 
polymers via Michael addition/Shiff base reaction. Xu et al. 
(2010) employed the mussel-inspired adhesive, dopamine, to 
simultaneously reduce GO nanosheets and cover the resulting 
RGO nanosheets with polydopamine (PDA) for further func-
tionalization. Michael addition (or Michael addition/Schiff 
base reaction) between the PDA-capped RGO nanosheets and 
thiol-terminated (or amino-terminated) PEG can give rise to 
functionalized RGO nanosheets (Figure  31.15). The RGO–
PEG hybrid nanosheets are organo- and water-dispersible 
(processable) and exhibit good stability in the dispersed state.

31.2.3  Graphene–eleCtroaCtive (ConduCtinG) 
polymer nanoCompoSiteS

Electroactive (conducting) polymers, such as polyaniline 
(PANi), polythiophene (PTp), and polypyrrole (PPy), have 
drawn considerable attention in the field of nanoscience and 
nanotechnology, due to their unique electrical and optical prop-
erties (Das and Prusty 2012). However, they lack the mechan-
ical strength and flexibility, and exhibit poor solubility and 
processability. The incorporation of graphene nanosheets into 
electroactive polymers is attractive for synergistically com-
bining the properties of both components. Graphene–elec-
troactive polymer nanocomposites have found applications in 
solar cells (Yu et al. 2010; Liu, C. Y. et al. 2012), nonvolatile 

memory devices (Zhang et al. 2013), supercapacitors (Sahoo 
et al. 2011; Kumar et al. 2012a,b), dielectric capacitors (Li, M. 
et al. 2012), lithium-ion batteries (Liang et al. 2011), chemical 
and biological sensors (Si et al. 2011, 2012; Huang, X. L. et al. 
2012; Zhou, L. T. et al. 2012), absorbents (Zou et al. 2011; Li, 
S. K. et al. 2012; Mishra and Ramaprabhu 2012; Li, H. et al. 
2013; Li, Y. W. et al. 2013), electrochromic devices (Wei et al. 
2013), thermoelectric transducers (Xiang and Drzal 2012), 
electromagnetic shielding (Yu et al. 2012), field emission dis-
play (Goswami et al. 2011), corrosion protection (Chang et al. 
2012), actuators (Liu, J. et al. 2012), and neural probes (Deng, 
M. et al. 2011) (Figure 31.16).

In general, there are three main approaches to the prepa-
ration of graphene–electroactive polymer nanocomposites: 
in situ oxidative polymerization, electrochemical polym-
erization, and “grafting-to” methods. In situ oxidative 
polymerization is desirable for producing large quantities 
of graphene–electroactive polymer nanocomposites, while 
electrochemical polymerization is particularly useful for 
constructing thin films for sensors or electrode materials. 
“Grafting-to” methods are useful for enhancing the compat-
ibility of graphene nanosheets with electroactive polymer 
matrixes and minimizing phase separation.

31.2.3.1 in Situ Oxidative Polymerization
In situ oxidative polymerization is the most widely applied 
method for the preparation of graphene–electroactive poly-
mer nanocomposites. Aniline and pyrrole can be polymerized 
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in aqueous dispersions of graphene nanosheets in the pres-
ence or absence of an oxidizing agent. Unlike pyrrole and 
aniline, the oxidation potential of thiophene is relatively 
high and thiophene derivates are insoluble in aqueous media. 
Graphene–PTp hybrids have to be prepared in organic sol-
vents in the presence of oxidizing agents.

Xiang and Drzal (2012) prepared graphene–PANi hybrids 
via in situ oxidative polymerization of aniline in the presence 
of graphene nanosheets using ammonium persulfate (APS) 
as the oxidizing agent. The aqueous dispersion of graphene–
PANi hybrid was fabricated into paper-like nanocomposites 
via controlled vacuum filtration. The respective Seebeck 
coefficient (ratio of the resulting voltage and temperature dif-
ference, S = ΔV/ΔT) and σ of the resulting paper-like nano-
composites reached as high as 33 µV K−1 and 59 S cm−1 for 
the graphene–PANi hybrid containing 43 wt% of PANi with 
a protonation ratio of 0.2. As a result, the graphene nano-
composites not only preserved the high Seebeck coefficient 
(7 µV K−1) of PANi but also significantly increased the elec-
trical conductivity (1.5 S cm−1) of PANi. The thermoelectric 
efficiency of this composite, related to a dimensionless figure 
of merit ZT (ZT = S2 σ T κ−1, κ is the thermal conductivity), 
was 2 orders of magnitude higher than that of either graphene 
nanosheets or PANi, indicating a significant synergistic effect.

PANi nanofiber-decorated GO nanosheets (GO–PANi 
hybrid) were synthesized via in situ oxidative polymerization 
of aniline in the presence of GO nanosheets, using APS as the 
oxidizing agent (Liang et al. 2011). SnO2 nanoparticles were 
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subsequently anchored onto the GO–PANi hybrid, followed 
by a hydrothermal treatment to obtain the RGO–PANi–SnO2 
hybrid. The resulting RGO–PANi–SnO2 hybrid, as the anode 
in a lithium-ion battery, exhibits a reversible storage capacity 
larger than 573.6 mA h g−1 in over 50 charging–discharging 
cycles with a coulombic efficiency of 99.26%.

Graphene has a large dielectric loss, but exhibits very weak 
attenuation properties to electromagnetic waves due to its 
high conductivity. Yu et al. (2012) prepared PANi nanorod-
decorated graphene nanosheets (graphene–PANi hybrid) via 
in situ oxidative polymerization of aniline in the presence 
of graphene nanosheets using APS as the oxidizing agent. 
The electromagnetic absorption properties of the obtained 
graphene–PANi hybrid were significantly enhanced. The 
maximum reflection loss of graphene–PANi hybrid reached 
−45.1 dB at 12.9 GHz with a thickness of only 2.5 mm, 
in comparison to −29.9 dB at 8.1 GHz for the neat PANi 
nanorods with a thickness of 4 mm. The enhanced electro-
magnetic absorption properties can be attributed to the unique 
structural characteristics and the charge transfer between the 
graphene and PANi nanorods.

RGO–PANi hybrid was prepared by in situ oxidative 
polymerization of aniline in the presence of GO nanosheets 
using APS as the oxidizing agent, followed by reduction using 
hydrazine (Goswami et al. 2011). The field emission display 
device, with RGO–PANi hybrid mounted on carbon tape as 
the cathode and a stainless-steel conical-shaped tip as the 
anode, has an effective turn-on field of 5.74 V µm−1, whereas 
PANi fibers failed to exhibit turn-on emission within the 
measured range. The maximum emission current density of 
RGO–PANi hybrid was measured to be 0.8 mA cm−2, leading 
to a field enhancement factor as high as 7012. The electron 
field emission of the as-fabricated display device is signifi-
cantly improved in comparison to that of neat PANi fibers. 
This observation in turn suggests that the as-synthesized 
nanocomposites can be used in future field emission display 
devices.

RGO–PANi hybrids have also been prepared by in situ 
oxidative polymerization of aniline in the presence of GO 
using APS as the oxidizing agent, followed by chemical 
reduction with hydrazine (Li, M. et al. 2012). The obtained 
RGO–PANi hybrid was used as fillers for enhancing the 
dielectric properties of PMMA. The dielectric constant of the 
PMMA/RGO–PANi composite with 6 vol% of RGO–PANi 
at 1000 Hz exhibited a 10-fold enhancement in comparison to 
that of neat PMMA. The dielectric loss of the PMMA/RGO–
PANi composite was maintained as low as 0.12 at 1000 Hz. 
The homogenous dispersion of the RGO–PANi hybrid in the 
PMMA matrix caused an isolation effect, which played a key 
role in achieving high dielectric constant and low dielectric 
loss. However, the PMMA/RGO composite containing 6 vol% 
RGO nanosheets not only exhibited a low dielectric constant 
of 20, but also a dielectric loss as high as 1250. The signifi-
cant increase in dielectric loss of the PMMA/RGO composite 
can probably be attributed to the percolation network of RGO 
agglomerates, which causes a dramatic increase in the leak-
age current.

In the composites above, PANi formed in situ can inter-
act with graphene nanosheets via π–π stacking interaction. 
Graphene nanosheets have been further functionalized with 
covalently bonded PANi via in situ oxidative polymerization 
(Chang et al. 2012; Kumar et al. 2012b; Zhang et al. 2013). 
For example, graphene nanosheets can be functionalized with 
4-aminobenzoyl groups by Friedel–Crafts acylation using 
4-aminobenzonic acid in a PPA/P2O5 medium. The subse-
quent in situ oxidative graft polymerization of aniline, using 
APS as the oxidizing agent, was initiated from 4-aminoben-
zoyl groups on the graphene nanosheets. The graphene–PANi 
hybrid displayed outstanding barrier properties against O2 
and H2O in comparison to neat PANi and PANi–clay com-
posites. The enhanced gas barrier property of the graphene–
PANi hybrid can be attributed to the high aspect ratio of the 
graphene nanosheets.

It is well known that metal oxides, such as MnO2, PbO2, 
and NH4VO3, can polymerize aniline via charge transfer 
interactions (Ballav 2004). In this method, it is assumed that 
PANi formation will be controlled by the dissolution of metal 
oxides into the solution. An RGO–MnO2 hybrid was prepared 
by adsorption of Mn(II) onto GO nanosheets, followed by oxi-
dative reaction with KMnO4 and thermal annealing (Huang, 
X. L. et al. 2012). The MnO2 component in the RGO–MnO2 
hybrid can serve as a sacrificial template and oxidizing agent 
for the in situ oxidative polymerization of aniline. The result-
ing RGO–PANi hybrid exhibited 3.4 and 10.4 times, respec-
tively, high sensitivity to NH3 gas than those of neat PANi 
nanofibers and RGO nanosheets at the NH3 gas concentration 
of 50 ppm.

Since GO nanosheets have long been recognized as having 
strong oxidizing properties (Boehm et al. 1962), it can serve as 
an oxidizing agent for the oxidative polymerization of aniline. 
The RGO–PANi hybrid has been produced via simultaneous 
reduction of GO nanosheets by aniline and its concomitant in 
situ oxidative polymerization at 70°C (Xu, L. Q. et al. 2011a) 
(Figure 31.17). The average specific capacitance (Cavg) val-
ues of RGO nanosheets, neat PANi, and the resulting RGO–
PANi hybrid were 41, 115, and 286 F g−1, respectively. The 
enhanced electrochemical performance of the as-synthesized 
RGO–PANi hybrid may have direct applications in capacitive 
energy storage.

A variety of oxidizing agents are available for the oxi-
dative polymerization of pyrrole (Ballav and Biswas 2005). 
Besides in situ oxidative polymerization of pyrrole using 
APS (Sahoo et al. 2011), MnO2 (Li, S. K. et al. 2012), and GO 
nanosheets (Amarnath et al. 2011; Pham, H. P. et al. 2012) as 
the oxidative agents, FeCl3 has also been used (Whitby et al. 
2011). Graphene–PPy hybrid was prepared via in situ oxida-
tive polymerization of pyrrole in the presence of graphene 
nanosheets using APS as the oxidizing agent (Sahoo et al. 
2011). The electrochemical performance of the obtained gra-
phene–PPy hybrid was remarkably enhanced in comparison 
to neat PPy. The graphene–PPy hybrid also exhibited a gra-
phene content-dependent specific capacitance. The maxi-
mum capacitance value and energy density were found to 
be 409 F g−1 and 227.2 Wh kg−1 at the scan rate of 10 mV s−1.
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GO nanosheets were coated with MnO2 nanoslices via the 
following reaction: 4MnO4

−  + 4H+ → 4MnO2 + 2H2O + 3O2 
(Li, S. K. et al. 2012). PPy were then decorated onto the RGO 
nanosheets using MnO2 as a sacrificial template and oxidizing 
agent for in situ oxidative polymerization of pyrrole. The as-
synthesized GO–PPy hybrid exhibited an enhanced adsorp-
tion property, over that of neat PPy NPs, for Cr(IV) ions in 
aqueous solutions, arising from the synergistic effect of GO.

Under thermal or UV activation, electrons transferred 
from aniline to GO nanosheets reduce the GO nanosheets 
and induce the oxidative polymerization of aniline (Xu, L. Q. 
et al. 2011a). Pham, H. P. et al. (2012) synthesized the RGO–
PPy hybrid via in situ oxidative polymerization of pyrrole in 
an aqueous suspension of GO. The GO nanosheets played 
the role of electron acceptors and underwent reduction. The 
photoexcited pyrrole were quenched by the electron acceptor 
and led to the formation of pyrrole radical cations, which ini-
tiated the oxidative polymerization of pyrrole. The resulting 
RGO–PPy hybrid was used as an electrode in a supercapaci-
tor cell, which exhibited excellent performance in electrical 
energy storage. The composite exhibited a specific capaci-
tance of 376 F g−1 at a scan rate of 25 mV s−1. Carboxylic acid 
and hydroxyl groups on GO nanosheets were functionalized 
with aromatic diisocyanate (Whitby et al. 2011). The pendant 
isocyanato groups can act as bridging units to facilitate the 
attachment of pyrrole, which can then be used as the anchor-
ing and initiating sites for in situ oxidative polymerization of 
pyrrole by FeCl3.

Thiophene and its derivates are usually polymerized 
in organic solvents, such as chloroform and acetonitrile, 
using FeCl3 as the oxidizing agent, similar to precipitation 
polymerization of organic-soluble monomers (Wang et  al. 
2010). The graphene–PTp hybrid has been synthesized via 
in situ oxidative polymerization of 3-methylthiophene in 
chloroform dispersion of graphene using FeCl3 as the oxi-
dizing agent (Bhattacharya and Das 2012). The resulting 

graphene–PTp hybrid was investigated as electrode material 
for supercapacitors, which exhibited a high specific capaci-
tance of 240 F g−1. GO nanosheets were functionalized with 
3,4-propylenedioxythiophene (ProDOT-OH) via esterifi-
cation, followed by in situ oxidative copolymerization of 
thiophene in chloroform using FeCl3 as the oxidizing agent 
(Kumar et al. 2012a). The specific capacitance of the result-
ing GO–PTp hybrid was determined to be 201 F g−1 at a scan 
rate of 10 mV s−1.

31.2.3.2 Electrochemical Polymerization
In comparison to chemical oxidative polymerization, electro-
chemical polymerization is performed at the anode. Whereas 
powders are usually obtained in oxidative polymerization, 
electrochemical polymerization usually leads to films deposi-
tion on the anode (Jang 2006). Aniline and RGO nanosheets 
were electrodeposited onto a fluorine-doped tin oxide (FTO) 
glass to form an RGO–PANi hybrid thin film. The RGO–
PANi hybrid-coated electrode was used as a counter electrode 
for dye-sensitized solar cells. The Jsc and η of the dye-sen-
sitized solar cell with the RGO–PANi hybrid as the counter 
electrode were measured to be 16.28 mA cm−2 and 7.17%, 
respectively, in comparison to the corresponding Jsc and η 
values of 15.01 mA cm−2 and 7.24% with the Pt counter elec-
trode (Liu, C. Y. et al. 2012).

Pyrrole oxidizes to form a positively charged cationic 
radical at the anode. Not only could the positively changed 
cationic pyrrole radicals lead to the formation of PPy via rad-
ical–radical coupling, but they also interact electrostatically 
with the electronegative GO nanosheets. Thus, the GO–PPy 
hybrid forms and deposits readily onto the platinum neural 
microelectrode (Deng, M. et al. 2011). In comparison to neat 
PPy film, the GO–PPy hybrid (prepared from 0.5 mg mL−1 
of GO) had a rougher surface texture with micrometer-
scale bulges, arising from the presence of large-scale GO 
nanosheets. The impedance of GO–PPy hybrid-coated Pt 
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electrode was only about 40 kΩ at the biological relevant 
1 kHz, while they were 319 and 115 kΩ, respectively, for 
bare and PPy-coated Pt electrodes. The charge density 
of modified Pt electrodes increased dramatically from 
0.94 mC cm−2 for the bare Pt electrode to 190.98 mC cm−2 
for the PPy-coated Pt electrode and 242.17 mC cm−2 for the 
GO–PPy hybrid-coated Pt electrode. For nerve stimula-
tion and recording, high charge-injection capacity and low 
impedance are crucial to the performance of neural elec-
trodes (Han and Lu 2007). Thus, the easily fabricated GO–
PPy hybrid is potentially useful for implantable neural probe 
applications.

The thiophene derivative, 3,4-ethylenedioxythiophene, 
and GO were electrodeposited onto a glassy carbon elec-
trode. The GO–PTp hybrid-modified electrode was utilized 
as an electrochemical sensor for the simultaneous detec-
tion of hydroquinone (HQ) and catechol (CT) (Si et  al. 
2012). The electrode exhibited good electrocatalytic activ-
ity toward the redox of HQ and CT. Under the optimized 
condition, the response peak current of the modified elec-
trode was linear over the range of 2.5–200 µM for HQ and 
2–400 µM for CT. The sensor also exhibited good stability 
and excellent sensitivity, with a detection limit of 1.6 µM 
for both HQ and CT.

31.2.3.3 “Grafting-To” Methods
Owing to the poor solubility of PPy and PANi in solvents, 
the “grafting-to” methods are rarely used for the preparation 
of graphene–PANi and PPy nanocomposites. PTp derivates 
with long alkyl chains exhibited good solubility and process-
ability in organic solvents. A few examples on the covalent 
functionalization of graphene nanosheets via the “grafting-to” 
methods are described below.

Hydroxyl-terminated regioregular poly(3-hexylthiophene) 
(P3HT) was prepared via postmodification of the ω-bromo 
end of P3HT in a cross-coupling reaction with thienylzinc 
compounds bearing the tetrahydropyranyl (THP)-protected 

hydroxyl group (Yu et al. 2010). The OH-terminated P3HT 
was chemically grafted onto GO nanosheets via esterifica-
tion (Figure 31.18). The resulting GO–P3HT hybrid was 
dispersible in common organic solvents, facilitating device 
fabrication by solution processing. A bilayer photovoltaic 
device based on solution-cast ITO/PEDOT:PSS/GO-P3HT/
C60/Al structure exhibited a higher short circuit current and 
open circuit voltage and with a 200% increase in power con-
version efficiency (η = 0.61%), in comparison to its ITO/
PEDOT:PSS/P3HT/C60/Al counterpart, under AM 1.5 illu-
mination (100 mW cm−2).

Amino- and alkynyl-terminated P3HT were synthesized 
via Grignard metathesis (GRIM) reaction (Meng et al. 2012). 
Amino-terminated P3HT was grafted onto GO nanosheets 
via amidation, while alkynyl-terminated P3HT was grafted 
onto azido-functionalized GO nanosheets via “Click” chem-
istry. The GO–P3HT hybrids prepared from “Click” chem-
istry exhibited a red-shift in UV–visible absorption and a 
decrease in optical bandgap due to the high grafting density 
of P3HT on GO nanosheets.

31.3 SUMMARY

The preparation, characterization, and applications of gra-
phene-based polymer nanocomposites are described and 
discussed in this chapter. Irrespective of the selection of con-
jugated, saturated, or electroactive polymers, recent advances 
in the chemistry of materials provide a series of general and 
controlled approaches that allow one to couple almost any 
polymer to graphene nanosheets. The obtained graphene-
based polymer nanocomposites exhibit intriguing thermal, 
mechanical, and electrical properties that are suitable for 
the development of supercapacitors, solar cells, electronic 
memories, energy storage dielectric materials, displays, and 
actuators, among others. The graphene-based polymer nano-
composites also find potential biomedical applications in, for 
example, sensors, and gene and drug delivery vehicles.
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32 Preparation of Graphene Oxide and 
Its Metal Composite Materials as 
Catalysts for Organic Reactions

Yuta Nishina and Naoki Morimoto

ABSTRACT

Graphene oxide (GO) is a single-atom-thick two-dimensional 
(2D) layered material, produced by the oxidation of graph-
ite. In contrast to pristine graphite and graphene, carbon 
atoms in GO are heavily oxygenated. The presence of oxygen 
 functional groups makes GO sheets strongly hydrophilic. A 
promising application of GO is to make composites, for exam-
ple, with metal nanoparticles (NPs), for improved function by 
concerto effects. The oxygen functional groups and defects 
on the GO surface could provide NP nucleation sites. In this 
manner, GO acts as a support material for metal NPs. In this 
chapter, we describe the tunable synthetic method of GO, 
preparation methods of metal–GO composites, and applica-
tions as catalysts in several organic reactions.

32.1 INTRODUCTION

GO is a promising material for future technology. The most 
common method for synthesizing GO, namely, the Hummers 
method (oxidation of graphite with KMnO4 and NaNO3 in 
a concentrated H2SO4 solution), requires a long reaction 
time and large amounts of reagents. In contrast, microwave 
irradiation of natural flake graphite, prior to the oxidation 
step, can improve the efficiency of the overall oxidation pro-
cess, thereby affording a greater amount of GO when com-
pared with that obtained with the Hummers method. Facile 
and rapid synthetic methods are essential to facilitate the 
large-scale production of GO. This chapter focuses on the 
synthesis of GO. In view of its promising outlook in diverse 

applications, this chapter will also discuss the use of GO as 
a functional support material for metal NP catalysts for cata-
lytic reactions such as cross-coupling, hydrogenation, and 
oxidation (Figure 32.1).

32.2  SYNTHESIS OF GRAPHENE 
OXIDE: COMPARISON WITH THE 
ORIGINAL HUMMERS METHOD

Flake graphite, a naturally occurring mineral, is typically 
employed as a source material for the synthesis of GO. Prior 
to use, a purification process is required to remove any het-
eroatomic contaminants. Artificial graphite with varying 
sizes and morphologies can also be prepared and used as a 
source material. The transformation of graphite to GO gener-
ally requires the use of strong oxidizing agents (Table 32.1). 
In 1958, Hummers and Offeman developed an oxidation 
process, using a mixture of KMnO4 and NaNO3 in H2SO4 
(Scheme 32.1).1 However, this method only allowed the syn-
thesis of graphite oxide rather than a single-layer GO.

The Hummers method was later modified in an attempt 
to synthesize a single-layer GO, for instance, by using excess 
amounts of KMnO4 and longer reaction times.2 However, 
the inefficient nature of the oxidation process is due to the 
reactivity of active species, Mn2O7, formed from the reaction 
between H2SO4 and KMnO4. The reactivity of Mn2O7 with 
aromatic compounds is known to be lower as opposed to that 
with isolated olefins,3 indicating that the Hummers process 
is not potentially suitable for the oxidation of graphite. To 
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promote complete oxidation of graphite with Mn2O7 in short 
reaction times for the preparation of GO, additional oxidation 
steps are essential. Kovtyukhova et al. developed a preoxida-
tion procedure4 whereby graphite powder was immersed in a 
concentrated solution of H2SO4, K2S2O8, and P2O5, at 80°C. 
The preoxidized graphite was washed, dried, and then sub-
jected to further oxidation using the conventional Hummers 

method. Although this process generated a high yield of GO, 
large amounts of wastes were also produced as a result of the 
two-step reaction (Scheme 32.2).

The use of microwave irradiation, a powerful source 
of heating, has been reported as a cost- and time-effective 
method for efficiently exfoliating and/or partially oxidiz-
ing graphite. Graphite displays strong microwave absorption 
because of its low resistance. This process is generally accom-
panied by a drastic temperature surge (up to 800–1500°C) and 
luminous sparks.5 Liu et al. reported the production of carbon 
nanoscrolls from graphite by microwave irradiation under liq-
uid nitrogen.6 Carbon nanotubes (CNTs) can also be oxidized 
using microwave irradiation.7 Based on these observations, 
it is believed that microwave irradiation under atmospheric 
oxygen would disrupt the lattice of graphite and increase the 
oxygen content by partial oxidation, as confirmed by x-ray 
photoelectron spectroscopy (XPS) of the C1s region. The acti-
vated graphite, assisted by microwave irradiation, was then 
treated with a solution of KMnO4, NaNO3, and H2SO4 for 2 h. 
The reaction mixture was diluted with water, to which aque-
ous H2O2 was subsequently added and then heated at 90°C for 
30 min. The final product, GO, was purified using centrifuga-
tion until the pH of the supernatant was 3–5.8

Appropriate analysis of the resulting product is important to 
validate the formation of either GO or graphite oxide. Graphene 
is typically used to describe a single-layer carbon material. 
In general, the use of the microwave irradiation technique 
results in the formation of GO, as analyzed by transmission 

TABLE 32.1
Hummers' Method and Its Modification

Synthetic Method Preoxidation
Oxidation 
Condition Product

Hummers method1 None KMnO4 (3.0),
NaNO3 (0.5), in 
H2SO4, 30 min

Graphite 
oxide

Hummers method2 None KMnO4 (4.5), 
NaNO3 (0.75),

in H2SO4, 5 days

Graphene 
oxide

Modified Hummers 
method4 

K2S2O8 (0.5), 
P2O5 (0.5), in 
H2SO4, 80°C, 
6 h

KMnO4 (3.0), in 
H2SO4, 2 h 

Graphene 
oxide

Microwave + Hummers 
method

Microwave 
treatment

KMnO4 (3.0), 
NaNO3 (0.5),

in H2SO4, 2 h

Graphene 
oxide

Note: Values in parentheses are the weight ratio of a reagent based on graphite.

Graphite oxideGraphite
(100 g)

KMnO4 (300 g)
NaNO3 (50 g)

H2SO4 (2.3 L)
35 °C, 30 min

SCHEME 32.1 Synthesis of graphite oxide using the Hummers 
method.

Graphite
(20 g)

Graphene oxide
KMnO4 (60 g)

H2SO4 (460 mL)
35°C, 2 min

H2SO4 (30 mL)
80°C, 6 h

K2S2O8 (10 g)
P2O5 (10 g)

SCHEME 32.2 Synthesis of graphene oxide using a modified 
Hummers method.

Graphite

Graphene oxide (GO)

Metal–GO

by ligand exchange
[20,26,29,34]

Partially reduced GO (PRGO)
by gentle reduction

Reduced GO (rGO)
by complete reduction

Metal-PRGO

by gentle reduction

Metal–rGO

[22–24,30,32,33,35,37]

by complete reduction
Metal–PRGO Metal–rGO

[28] by ligand exchange or metal reduction
[25,35]

by metal reduction
[23,27]

Direct metal deposition

Stepwise metal deposition

FIGURE 32.1 Preparation methods of metal nanoparticles on GO, prGO, and rGO.
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electron microscopy (TEM) (Figure 32.2a). Fourier transform 
infrared spectroscopy (FT-IR), XPS, and atomic force micros-
copy (AFM) also support the formation of GO (Figure 32.2b 
through d). Because of the strong hydrophilic nature of GO as 
well as the onset of undesirable reduction processes (>120°C), 
complete drying of GO is difficult, thereby compromising the 
accuracy of the actual elemental ratio, obtained from elemen-
tal analysis studies. Nevertheless, the oxygen content of GO is 
generally considered to be ~30–50 wt%.

32.3 CONTROL OF OXIDATION DEGREE

Control in the level of oxidation in GO materials is important 
to tailor the functionality of GO to subsequently suit the rel-
evant areas of applications that include optoelectronics, physi-
cal-, biological-, and energy-related. For example, carboxyl 
group–free GO is highly desirable for the reduction of GO 
to graphene. In contrast, carboxyl groups are necessary for 
the functionalization of GO with metals or organic moieties 
(Figure 32.3).

As mentioned earlier, the modified Hummers method is the 
most common technique for synthesizing GO. A wide range 
of structural variations have been reported in the literature: 

the interlayer spacing can be varied from 0.6 up to 1.2 nm 
according to the synthesis approach employed. Hence, control 
of the oxidation degree and oxygen functional groups can be 
achieved by fine-tuning the reaction conditions. As exempli-
fied, Lian et al. achieved the synthesis of GO with a controlled 
degree of oxidation by changing the reaction temperature and/
or time.9 The oxidation degree of GO can be evaluated by 
UV–vis spectroscopy (Figure 32.4). The absorption peak, 
observed at 233 nm, is indicative of the presence of GO with 
a high oxidation degree (Figure 32.4a). The latter peak gradu-
ally red-shifted to 235, 237, and 261 nm with a decrease in the 
oxidation degree of GO, as shown in Figure 32.4b through d. 
The optical absorption of GO is dominated by π–π* transi-
tions. Disruption of the sp2 domain of graphite, by oxida-
tion, leads to a decrease of the π-electrons, thereby requiring 
a higher energy for electronic transitions to the π* bonding 
state. In contrast, GO with a small degree of oxidation has 
more π-electrons in the graphitic region. A lower energy is 
thus required to induce the π–π* transitions, leading to a red-
shift in the absorption spectrum.

The oxidation degree can also be regulated by chang-
ing the amount of KMnO4. In the standard oxidation pro-
cedure, graphite is oxidized with KMnO4 (mass ratio of 
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KMnO4:graphite is 3:1). The oxidation degree was evaluated 
by XPS analysis, as shown in Figure 32.5. As the mass ratio of 
KMnO4:graphite was lowered from Figure 32.5a through c, a 
corresponding reduced peak intensity at 287 eV was observed, 
indicating a decreased amount of C–O bond formation.

32.4 METAL–GO COMPOSITES

Detailed discussions on the preparation of metal–GO com-
posites are not presented here but can be found in several 
reviews.10 In contrast to pristine graphite, the carbon atoms in 
GO are heavily oxygenated. They possess hydroxyl and epoxy 
functional groups on their basal planes as well as carbonyl and 
carboxyl groups at the sheet edges. The presence of these func-
tional groups makes GO sheets strongly hydrophilic; therefore, 

GO is easily dispersed in water and polar organic solvents. GO 
would be an ideal precursor for the synthesis of graphene. 
However, because of the difficulty in completely removing 
oxygen from GO, it is impossible to form perfectly structured 
graphene, free from defects.11 As such, one promising appli-
cation of GO is to make composite materials with improved 
functionality. GO composites have been widely investigated 
for the preparation of conductive films, as binders for carbon 
nanotubes and nanohorns, and as cathodes and/or anodes in 
lithium ion batteries. Moreover, the oxygen functionalities of 
GO affords the preparation of thin films onto substrates, which 
are highly convenient for application in electronics.

The oxygen functional groups and defects on the GO sur-
face can also act as nucleation sites.12 To this effect, GO can 
be used as a support material for metal NPs.10,13 Numerous 
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strategies have recently been reported for preparing metal–
GO composites. One method involves the coordination or 
intercalation of metal species within the GO matrix and their 
subsequent growth to NPs (that include nanowires, nanorods, 
or nanofilms) onto the GO surface (in situ technique). Another 
process involves the preparation of NPs with a specific dimen-
sion and morphology prior to their subsequent deposition onto 
the GO surface (ex situ technique). The former technique is 
widely used for the synthesis of metal–GO composites. One 
of the main advantages of such a technique is that it can be 
adapted to numerous chemical processes that include hydro-
thermal and solvothermal syntheses14; microwave, photo, and 
laser irradiation15; and deposition with NaBH4, hydrazine, and 
other reductants in the absence of protecting agents.16

32.5  ORGANIC REACTIONS CATALYZED 
BY METAL–GO COMPOSITES

Graphene-supported metal catalysts have generated wide-
spread interest since graphene was demonstrated as a prom-
ising support for the Pt NPs catalyst for oxygen reduction 
reactions.17 However, numerous theoretical and experimental 
studies have shown that the interaction between metal NPs and 
graphene is relatively weak because of the relative chemical 
inertness of graphene as a result of the strong sp2 and π bond-
ing between the carbon atoms in the graphene plane. The weak 
binding interaction between the metal NPs and graphene thus 
limits the application of metal–graphene composite catalysts.18 
To address this issue, the introduction of defects or mechanical 
strain within the graphene matrix was proposed to enhance 
the chemical reactivity of graphene, thereby strengthening 
the interaction between the metal NPs and the graphene sup-
port.19 Recently, the use of GO as a support material has been 
receiving growing interest. NP growth on graphene sheets is 
an important approach to produce nanohybrids. In particu-
lar, controlled nucleation and growth afford optimal chemi-
cal interactions and bonding between the NPs and graphene 
sheets, leading to strong electrical and mechanical interactions.

Unlike the numerous widely reported studies relating to 
the synthesis of metal–GO composites, reports relating to the 
application of metal–GO composites for organic reactions are 
limited. However, the use of Pd–GO composites for Suzuki–
Miyaura reactions has been a growing research area ever since 
these composites were first reported by Mülhaupt in 2009.20

32.5.1 CroSS-CouplinG reaCtionS

In the field of catalysis, Pd is particularly important among 
the noble metals. The Suzuki–Miyaura coupling reaction is 

a well-known reaction catalyzed by Pd. The catalyzed pro-
cess is a powerful and convenient synthetic method in organic 
chemistry for generating biaryls, conducting polymers, and 
liquid crystals (Scheme 32.3). The influence of using vary-
ing oxidation states of Pd species, reduction methods, and 
oxidation degrees of GO on the performance of the Suzuki–
Miyaura coupling reaction was investigated, as detailed.20 
Unfortunately, the reusability of the supported catalyst was 
limited because of the aggregation of the Pd NPs (Figure 32.6).

In an attempt to enhance the catalytic performance, 
improved synthesis techniques for the preparation of cata-
lysts have been developed. For instance, Fan et al. developed a 
method for depositing Pd on graphene, using an alkali-treated 
GO as a support.21 As most of the oxidized functional groups 
are removed during the reduction of GO, it is generally difficult 
to disperse the resulting graphene in solution. To address this 
issue, the use of sodium dodecylsulfate (SDS) for the synthesis 
of Pd–graphene hybrids was examined. SDS served as both a 
surfactant and a reducing agent. Upon heating, SDS decom-
posed to 1-dodecanol that subsequently oxidized to dodecanoic 
acid, simultaneously reducing Pd(II) to Pd(0). As a result, the 
Pd(0)–graphene hybrid showed excellent dispersibility proper-
ties. The suspension was stable over several months. Moreover, 
by changing the concentration of SDS, it was possible to control 
the size of the Pd NPs. The catalytic activity of the Pd–gra-
phene hybrid was evaluated using iodobenzene as a substrate. 
The reaction was complete within 5 min. In contrast, the use of 
bromobenzene was ineffective for such a catalytic system.

Laser irradiation has been examined for the synthesis of Pd 
supported on partially reduced GO (Pd–PRGO), using a pulsed 
Nd:YAG laser (unfocused, second harmonic: λ = 532 nm, 5 W, 
hν = 2.32 eV, pulse width τ = 7 ns, repetition rate = 30 Hz, and 

EtOH/H2O, 80°C, 17 h

96%

HO HO(HO)2BBr

Pd–GO (Pd: 0.25 mol%)
Na2CO3

SCHEME 32.3 Suzuki–Miyaura cross-coupling reaction using a Pd–GO catalyst.

200 nm 200 nm

(a) (b)

FIGURE 32.6 TEM images of Pd–GO catalyst: (a) as-prepared 
and (b) following catalytic reaction. (Reprinted with permission 
from G. M. Scheuermann et al., Palladium nanoparticles on graph-
ite oxide and its functionalized graphene derivatives as highly active 
catalysts for the Suzuki−Miyaura coupling reaction. J. Am. Chem. 
Soc. 131: 8262. Copyright 2009 American Chemical Society.)
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fluence ~0.1 J cm−2).22 The laser-induced Pd deposition and par-
tial reduction of GO were proposed to proceed as such: upon 
absorption of two photons, an electron–hole pair is generated 
within the semiconductor GO. The photogenerated electrons, 
in GO, participate in the reduction of Pd2+, leading to the partial 
reduction of GO. In the presence of ethanol, the photogenerated 
hole is scavenged to produce a proton and an ethoxy radical. As 
the ethoxy radical is a strong reducing agent, reduction of GO 
proceeds along with the formation of acetaldehyde. The prepa-
ration of Pd–PRGO nanocatalysts with a 532-nm laser irradia-
tion of Pd(NO3)2–GO in water, 50% aqueous ethanol, and 50% 
aqueous methanol was further investigated for cross-coupling 
reactions. The XPS spectra of the Pd 3d region show that Pd(0) 
species are formed regardless of the solvents studied, thereby 
indicating the successful deposition of Pd onto the PRGO sur-
face (Figure 32.7). Figure 32.8 illustrates the catalytic activity 
of the three catalysts, prepared in different solvents, at varying 
catalyst loadings, for the Suzuki–Miyaura cross-coupling reac-
tion of bromobenzene and phenylboronic acid in a mixture of 
water:ethanol (1:1 volume ratio) at room temperature.

Microwave irradiation has also been employed to prepare 
Pd/graphene (Pd/G) and Pd/GO composites.23 The surge in 
high temperatures associated with this technique promotes fast 
nucleation reactions, consequently generating small uniform 
metal (Pd) NPs onto the resulting graphene or GO sheets. Pd/G 
composites were prepared in the presence of hydrazine hydrate. 
The latter reductant enabled the simultaneous reduction of the 

Pd(II) ions and GO (source material). Alternatively, Pd/GO 
was formed in the absence of hydrazine hydrate. The catalytic 
activity of Pd/G and Pd/GO for cross-coupling reactions was 
assessed. The oxidation states of palladium before and after 
the catalytic reaction were evaluated by XPS (Figure 32.9). As 
observed, the as-prepared Pd/GO catalyst mainly consists of Pd 
oxides. Partial reduction of Pd(II) only took place during the 
cross-coupling reaction. In contrast, in the as-prepared Pd/G 
catalyst, partial reduction of the Pd(II) was already effective 
during the microwave irradiation of the GO and Pd(NO3)2 pre-
cursor mixture in the presence of hydrazine hydrate. The in situ 
reduction of the remaining Pd(II) species to mostly Pd(0) spe-
cies, which are the active species, was noted during the cross-
coupling reaction. As such, the Pd/G catalyst showed superior 
activity and recyclability properties when compared with those 
displayed by Pd/GO. The higher performance was ascribed to 
the high concentration of Pd(0) species in the Pd/G catalyst. 
The catalytic performance of 0.3 mol% Pd/G catalyst for the 
Suzuki–Miyaura coupling reaction, using bromobenzene, was 
Suzuki further investigated. The leaching of Pd, analyzed by 
ICP-MS, was measured at 300 ppb. However, the rapid decrease 
in catalytic activity noted after the 8th cycle indicated the onset 
of a release/redeposition mechanism whereby the Pd species can 
leach into the reaction solution to catalyze the reaction and rede-
posit on the surface of the graphene support at the end of the 
reaction. The large surface area, as provided by the graphene 
matrix, can effectively facilitate both the Pd leaching and the 
redeposition processes. In contrast, a significant level of Pd 
agglomeration, onto the graphite oxide sheets, was observed in 
the Pd/GO catalysts (Figure 32.10).

In another study, a hydrothermal process in the presence of 
glucose and noble metals was employed for the synthesis of three-
dimensional (3D), self-assembled, GO composite monoliths, as 
shown in Figure 32.11.24 Glucose, which acts as a reducing agent 
for the noble metal salt precursor solution, was essential toward 
the self-assembly of a robust 3D-structured composite monolith. 
The presence of the noble metal additionally plays a key role in 
the assembly process. Powder samples were otherwise obtained 
in the absence of the noble metal. The Pd-embedded self-
assembled GO composites exhibited excellent catalytic activity 
toward the Mizoroki–Heck reaction (Scheme 32.4). The excel-
lent mechanical property of such monolithic catalysts is a highly 
desirable attribute for application in large-scale fixed- and fluid-
bed processes. Although K2CO3 showed superior selectivity in 
the Mizoroki–Heck reaction in the batch reactor, triethylamine 
would be more suitable for flow processes.

Ni/Pd core/shell NPs, embedded in reduced GO (rGO), were 
also examined for the Suzuki–Miyaura coupling reactions.25 
Ni/Pd NPs were first synthesized by a solvothermal treatment 
of the following mixture: Ni(OAc)2 · 4H2O, PdBr2, oleylamine, 
and trioctylphosphine. Ni/Pd NPs were then mixed with rGO 
in dimethyl formamide and sonicated to form the Ni/Pd–rGO 
catalyst. The large surface area of the graphitic plane promotes 
the adsorption of the substrates onto the catalyst surface that 
contains the active Pd sites. The  catalytic activity of Ni/Pd–
rGO was compared with that of Ni/Pd supported on either 
activated carbon or Al2O3 for the Suzuki–Miyaura coupling 
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in (a) water, (b) 50% aq. ethanol, and (c) 50% aq. methanol. (Reprinted 
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FIGURE 32.10 TEM images of Pd/G catalyst: (a) as-prepared and 
(b) after the 7th catalytic cycle. (Reprinted from J. Catal., 279, A. R. 
Siamaki et al., Microwave-assisted synthesis of palladium nanopar-
ticles supported on graphene: A highly active and recyclable catalyst 
for carbon–carbon cross-coupling reactions, Copyright 2011, with 
permission from Elsevier.)
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reaction. The Ni/Pd–rGO catalyst produced a higher yield as 
opposed to those of Ni/Pd–activated carbon and Ni/Pd–Al2O3 
catalysts. Besides its high catalytic activity, the Ni/Pd–rGO 
catalyst also displayed high stability and reusability properties. 
These properties were evaluated over more than five cycles: the 
tests showed no change in the particle morphology or the prod-
uct yield over the course of the consecutive runs.

Au is also known to be an efficient catalyst for Suzuki–
Miyaura coupling reactions. Moreover, the use of Au enables 
the use of chlorobenzene substrate that is a cost-effective 
option for numerous industrial processes when compared with 
bromo- and iodobenzene substrates.26 To prepare the Au–GO 
composite, a HAuCl4 aqueous solution was first mixed with a 
GO suspension solution, and stirred for 15 min at 84°C, dur-
ing which Au NPs were deposited on the surface of the GO 
nanosheets. Au NPs deposition onto the GO surface is driven 
by the difference between the reduction potential of AuCl4

− 
(0.76 V vs. SCE) and the oxidation potential of GO (0.48 V 
vs. SCE). The formation of the Au NPs is also likely to be 
induced by the redox reaction between GO and AuCl4

−. The 
subsequent growth of the Au NPs is likely to involve a galvanic 
reaction-like process whereby the reduction of Au3+ occurs on 
the Au nuclei by the electrons transferred from GO, with the 
accompanying oxidation of GO. The size and the shape of the 
Au NPs were controlled by altering the composition of the 
HAuCl4/GO mixture. An initial increase in the composition 
ratio of HAuCl4/GO produced smaller NPs while the shape of 
the Au NPs remained unchanged. However, a further increase 
led to the formation of flower-shaped Au NPs, becoming more 

apparent at higher HAuCl4/GO ratios. The catalytic activity of 
the Au–GO composite for the Suzuki–Miyaura coupling reac-
tion of chlorobenzene and phenylboronic acid was assessed. 
The composite catalyst containing 0.2 mol% of Au was the 
most effective. The catalytic performance of the composite 
catalyst was sustained for at least six cycles, as indicated by 
the constant high product yield (Scheme 32.5). In comparison, 
the use of bromo- and iodobenzene produced lower yields.

Three-dimensional porous metal–rGO monoliths were also 
examined as catalysts.27 A GO suspension was first freeze-dried 
for 48 h to produce a 3D porous GO monolith. The 3D porous 
rGO monolith was then obtained by heating the 3D porous GO 
monolith at 90°C for 60 min in an N2H4 atmosphere (Figure 
32.12). Three-dimensional porous Ag–rGO and Au–rGO 
monoliths were prepared in a similar fashion, using Ag–GO 
and Au–GO composites, respectively. The 3D porous mono-
lithic catalysts were assessed for the Suzuki–Miyaura coupling 
reaction of phenylboronic acid and chlorobenzene. The Ag–
rGO porous monolith (catalyst loading: 0.3 mol%) produced a 
relatively low yield of 41%. In contrast, Au–rGO porous mono-
lith (catalyst loading: 0.3 mol%) achieved a high conversion of 
97%. The catalytic performance of the latter composite catalyst 
was maintained over six cycles, as indicated by the minimal 
loss in the product yield. The planar configuration and the pres-
ence of the functional groups of the GO matrix provide suitable 
anchor points for the catalytically active Au NPs.

A new type of cross-coupling reaction using Cu–GO com-
posites has been recently reported.28 The catalyst was prepared 
by first mixing GO and copper(II) salt solutions followed by 

(a) (b)
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FIGURE 32.11 (a) Photographic image, (b) SEM image, and (c) TEM images of the freeze-dried 3D structure prepared by the self-
assembly of GO in the presence of a noble metal. (Z. Tang et al.: Noble-metal-promoted three-dimensional macroassembly of single-layered 
graphene oxide. Angew. Chem. Int. Ed. 2010. 49. 4603. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)
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SCHEME 32.4 Heck reaction catalyzed by Pd-GO 3D monoliths.
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SCHEME 32.5 Suzuki–Miyaura cross-coupling reaction catalyzed by Au–GO.
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the addition of hydrazine. Hydrazine is a very effective reduc-
ing agent for converting copper salts to copper NPs and GO 
to rGO, respectively. After heating the mixture, the homoge-
neous brown solution turned black followed by the appearance 
of a black precipitate. As observed from the XPS analysis, the 
as-prepared Cu–rGO composite contained a mixture of copper 
species (oxidation states: 0, +1, +2). The dominant Cu 2p3/2 peak 
at 932.7 eV can be assigned to Cu(0) and/or Cu(I), whereas the 
small peak at 937.6 eV can be assigned to Cu(II). The pres-
ence of Cu(0) and/or Cu(I) contributes to the Cu 2p5/2 peak 
observed at 952.6 eV and the small peak around 957.5 eV is 
indicative of Cu(II) species. The ratio of Cu(0) and/or Cu(I) to 
Cu(II) is ~3:1. Copper metal- and copper salt-catalyzed homo-
geneous reactions were slow and produced low yields. In con-
trast, the heterogeneous Cu–rGO catalysts showed improved 
activity and selectivity. The Cu–rGO composite can catalyze 
the formation of both oxygen–aryl bonds (Scheme 32.6a) and 
nitrogen–aryl bonds (Scheme 32.6b), using aryl halides or 
arylboronic acids. The heterogeneous nature of the catalytic 
reaction was confirmed by a hot filtration testing.

32.5.2 hydroGenation

Metal–GO-catalyzed hydrogenation was first reported in 
2008.29 For instance, Pd NPs were deposited on GO using 
Pd(NH3)4(NO3)2, as the Pd precursor, in an alkali solution. 
FT-IR analysis confirmed the formation of Pd(NH3)4–GO 
composite, as indicated by the apparent peak at 1371 cm−1. The 
observed band shift toward the higher wave numbers was due 
to the GO host material, which was indicative of the existence 
of a differing chemical environment to that in the complex pre-
cursor. Following the hydrogen treatment of Pd(NH3)4–GO, 
the peak at 1371 cm−1 disappeared, suggesting the removal of 
the ligands from the composite catalyst (Figure 32.13a). The 
Pd NPs, embedded within the GO matrix, following the hydro-
genation reaction, are shown in Figure 32.13b.

The catalytic activity of the Pd–GO composite was mea-
sured using alkyne as a substrate.29 (Z)-Alkene was selec-
tively obtained. For the transformation of 3-hexyne, a small 
amount of (E)-alkene was detected with minimal overhydro-
genation. In contrast, overhydrogenation was significant for 
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FIGURE 32.12 Optical images of (a) a GO aqueous suspension, (b) porous GO monolith, (c) porous rGO monolith, and (d) SEM images 
of a porous GO monolith. (Y. He et al.: Metal nanoparticles supported graphene oxide 3D porous monoliths and their excellent catalytic 
activity. Mater. Chem. Phys. 2012. 134. 585. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)
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the conversion of 4-octyne. The layered structure of GO is 
believed to promote the formation of alkane during the hydro-
genation process of 4-octyne. The reaction is assumed to be 
controlled by mass transport of the substrate and the product. 
When the (Z)-alkene molecules are trapped within the inter-
lamellar active sites, overhydrogenation occurs. The improved 
catalytic performance observed for the hydrogenation of 
3-hexyne may be attributed to the relatively small size of this 
reactant, which ensures ready access to and elimination from 
the catalyst surface (Scheme 32.7).

Rh–graphene nanocomposites were investigated, as alter-
natives to nonefficient Rh NPs, for the hydrogenation of ben-
zene.30 To prepare the composite catalyst, a mixture of GO 
suspension and RhCl3·xH2O was reduced by NaBH4 at 60°C 
for 3 h under sonication, generating a highly dispersible Rh–
rGO composite. Pluronic F68 was added to stabilize the gra-
phene sheets. In the absence of Pluronic F68, agglomeration 
was observed, as a result of the interactions between Rh3+ and 
the oxygen functional groups of the GO sheets. Hydrogenation 
of benzene, which was carried out at 5 atm pressure of hydro-
gen for 6 h at 25°C, using the Rh–rGO catalyst, produced a 
high cyclohexane yield of 100% (Scheme 32.8).

Rh–rGO composites were also prepared by microwave 
irradiation in ionic liquids.31 The latter composites, as shown 
in Figure 32.14a, were also investigated for the hydrogenation 

of benzene. For the catalyst preparation, thermally rGO was 
suspended in a dried and degassed BMImBF4 ionic liquid, 
to which Rh6(CO)16 was added. The mixture was then sub-
jected to microwave irradiation (6 min, 20 W) under an argon 
atmosphere. The prepared catalyst displayed good reusability 
properties that were evaluated over more than 20 runs. Ru–
rGO composites have also been prepared using Ru3(CO)12 
as a source of Ru NPs that were deposited on graphene by 
microwave irradiation.31 The composite catalyst, as observed 
in Figure 32.14b, showed high catalytic activity for the hydro-
genation of cyclohexane (Scheme 32.9).

The reduction of nitro group to amino group by NaBH4 
is often employed to evaluate the catalytic activity of cata-
lysts.32 However, reports relating to the reduction process with 
hydrogen using metal–graphene or metal–GO composites as 
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catalysts are limited. As exemplified, Pt–rGO composites 
showed superior catalytic activity (Scheme 32.10).33 To pre-
pare Pt–rGO, a mixture of GO and H2PtCl6 aqueous solution 
in ethylene glycol was subjected to a solvothermal treatment 
at 120°C for 24 h. The average size of the Pt particles was 
2.6–3.6 nm, as shown in Figure 32.15a. Most of the C–O 
bonds, in GO, were removed by the solvothermal treatment, 
as observed from the XPS spectra in Figure 32.15b. In com-
parison with other support materials, such as activated carbon 
and multiwall CNTs, the use of rGO enabled the preparation 
of a supported catalyst with a higher catalytic activity.

The selective reduction of olefins, for fine chemical syn-
thesis, in the presence of diverse functional groups, is a 
challenging task. Pd–C is a widely employed heterogeneous 
hydrogenation catalyst both in the laboratory and in chemi-
cal industries. However, the catalyst displays limited che-
moselectivity: in the presence of reducible functionalities, 
mixtures of the reduced products are obtained. To address 
this problem, various additives, such as pyridine, ethylene-
diamine, and sulfur-containing compounds, have been used 
in combination with Pd/C and Pd supported on organic poly-
mers or inorganic materials. However, these protocols have 
led to reduced catalytic activities. GO has been proposed as 
a suitable alternative as the latter could serve as a support 
and an additive, thereby enabling controlled selectivity via 

appropriate coordination with its oxygen functional groups. 
As exemplified, the Pd–GO catalyst, which was prepared 
from Pd(OAc)2 at room temperature, displayed selective 
reduction of the olefin moiety of chalcone under 1 atm of 
H2 (Scheme 32.11).34 Moreover, the excellent selectivity of 
the Pd–GO catalyst was maintained at higher H2 pressures 
(i.e., 5 atm) or higher temperatures. The reduction of Pd(II) 
to Pd(0) on GO, during the catalyst preparation and follow-
ing the H2-based catalytic reaction, was evidenced by XPS, 
as shown in Figure 32.16a and b. The morphology of the Pd/
GO catalyst was analyzed by TEM. The as-prepared Pd/GO 
sample, using Pd(OAc)2 as the Pd precursor, did not feature 
any particles, indicating the occurrence of a ligand exchange 
between the acetate group and the carboxylate group of GO 
(Figure 32.16c). In contrast, Pd NPs, with an average diam-
eter of 6 nm, were observed in the catalyst sample following 
the catalytic reaction (Figure 32.16d). GO was also reduced 
to form rGO. The latter is an effective support, as opposed 
to pure graphene, for stabilizing Pd NPs because of the pres-
ence of residual oxygen functionalities in rGO. The leaching 
of the Pd species into the reaction was negligible (19 ppb, 
0.18% of the initial Pd). Both the high product yield and che-
moselectivity of the catalyst were maintained over at least 
five consecutive cycles, suggesting the high reusability prop-
erty of the catalyst.

Stereoselective hydrogenation, catalyzed by Pd–rGO, 
was achieved using cinchona alkaloid as a chiral ligand 
(Scheme  32.12).35 For the catalyst preparation, a sonicated 
mixture of H2PdCl4 and GO was reduced with NaBH4. 
Achiral amine (benzylamine) additive was used to improve 
the enantioselectivity. Higher conversions were also achieved 
in the presence of the benzylamine additive.
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32.5.3 oxidation

Oxidation reactions are as important as cross-coupling and 
hydrogenation reactions. Oxidation of alcohols has been 
mainly investigated using metal–GO composite catalysts. For 
instance, the solvent-free aerobic oxidation of benzyl alcohols 
over Pd catalysts supported on different carbon materials, 
such as rGO, activated carbon, and CNT, was examined under 
atmospheric pressure.36 Benzaldehyde (>90%), and small 
quantities of benzoic acid (from overoxidation of the benzal-
dehyde product) and benzyl benzoate were detected. Among 
the various Pd-supported carbon catalysts, Pd–rGO shows 
superior activity for benzyl alcohol oxidation (Table  32.2), 
revealing the unique properties of rGO as an efficient catalyst 
support.

The origin of the superior activity of the Pd–rGO catalyst 
was investigated. The particle size of the catalytically active 
Pd species on the different carbon supports were compa-
rable, as evidenced from the TEM analysis in Figure 32.17. 
The FT-IR spectra of benzyl alcohol revealed that Pd–rGO 

exhibits a higher adsorption capacity of the substrate when 
compared with that of Pd–activated carbon and Pd–CNT. 
This was attributed to the formation of π–π interactions 
between the aromatic moiety of the substrate and graphene. 
Reduced GO (rGO) is a 2D sheet with sp2 hybridized carbon. 
Thus, favorable adsorption of the substrate onto the aromatic 
moiety is expected.

A bifunctional rGO composite (Pt/Fe3O4–rGO), featuring 
magnetic and catalytic properties from the Fe3O4 and Pt NPs 
components, respectively, was synthesized.37 Fe3O4–rGO was 
first prepared by subjecting a solution of FeCl3 and GO in 
diethylene glycol to a solvothermal treatment at 220°C under 
basic conditions. The morphology of the resulting sample is 
shown in Figure 32.18a and b. Pt NPs were then deposited on 
Fe3O4–rGO using a solvothermal method at 140°C. The sol-
vothermal broth solution comprised aqueous ethylene glycol 
and K2PtCl6. The morphology of the final product, Pt/Fe3O4–
rGO, is shown in Figure 32.18c and d. The performance of 
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FIGURE 32.16 XPS of the Pd 3d region of (a) as prepared Pd–GO catalyst and (b) Pd–GO catalyst following catalytic reaction, and TEM 
image of (c) as-prepared Pd–GO catalyst stand (d) Pd–GO catalyst, following catalytic reation.
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TABLE 32.2
Catalytic Performance of Pd-Supported Carbon 
Catalysts for the Oxidation of Benzyl Alcohol

OH O
cat. Pd

110°C, 6 h

Support Conversion Selectivity TOF (mol/h molPd)

rGO 73% 98% 30,137

Activated carbon 29% 88% 11,267

CNT 18% 93% 6910
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the Pt/Fe3O4–rGO catalyst for the oxidation of benzyl alcohol 
was assessed. The catalyst could be easily recovered with a 
magnet. In addition, the catalyst remained active over the 10 
runs studied.

Vanadium complexes are also known to oxidize alcohols. 
To this effect, vanadium-supported graphene catalysts were 
investigated.38 The surface of GO was first functionalized 
with an aminoalkyl group, using silanes as a coupling agent. 
More specifically, the surface was modified with 3-aminopro-
pyl trimethoxysilane (APTMS), then reacted with salicylal-
dehyde to form a Schiff base. The suspension of the Schiff 
base–GO composite in methanol was then mixed with vana-
dium sulfate to form an oxovanadium–Schiff base–GO com-
posite (Scheme 32.13).

The functional groups of the oxovanadium–Schiff base–
GO composite and its intermediate compounds were evalu-
ated by FT-IR (Figure 32.19). The oxovanadium–Schiff 
base–GO-catalyzed oxidation of various alcohols has also 
been examined using t-butyl hydroperoxide as an oxidant. 

The oxovanadium–Schiff base–GO composite showed a 
comparable catalytic activity as that of the homogeneous 
oxovanadium catalyst. However, from an environmental and 
economic viewpoint, the use of a heterogeneous catalyst is 
more advantageous because of its facile recovery and efficient 
recycling properties.

Sequential oxidation–amidation reactions were achieved 
by MnO2–GO composites (Scheme 32.14).39 More specifically, 
rod-like MnO2–coated GO is an efficient heterogeneous cata-
lyst for the synthesis of primary amides from (1) primary alco-
hols and ammonia; (2) aldehydes and ammonia; or (3) nitriles. 
Water is the best solvent for these reactions as the pure product 
crystals can be isolated by simply cooling the reaction mix-
ture in ice. The MnO2–GO composite was prepared as such: a 
mixture of GO and MnCl2·4H2O (ratio 1:3) was first dispersed 
in isopropyl alcohol. The slurry was then heated at 75°C, to 
which an aqueous solution of KMnO4 was added. The obtained 
needle-like MnO2 NPs, with a diameter of 3–10 nm and length 
of 20–500 nm, were randomly dispersed on the surface of GO 
within a short refluxing period. The size of the MnO2 nanorods 
was controlled by varying the refluxing time. The content and 
bonding states of the elements present in GO, MnO2, and 
MnO2–GO were evaluated via XPS. Deconvolution of the C1s 
peak revealed the presence of 38.6% heterocarbon atoms in the 
MnO2–GO composite, which is slightly lower than the content 
observed in GO (48.2%). The decreased oxygen-containing 
groups would be used to oxidize Mn2+ ions to MnO2 NPs on 
the GO surface. The O1s spectrum of MnO2–GO shows two 
peaks that correspond to the Mn–O bonding in MnO2 and the 
oxygen-containing groups of GO. The MnO2–GO catalyst 
showed high activities toward the amidation of various pri-
mary alcohols and aldehydes, thereby affording high product 
yields. Amidation of allylic alcohols and aldehydes generated 
the corresponding unsaturated amides. Isomerization reac-
tions or hydrogenation of the double bond were not observed. 
Aliphatic alcohols could also be converted to the correspond-
ing amides, however, with a slightly lower yield.

32.6 OTHER REACTIONS

Thiolated GO (GOSH), prepared by subjecting a mixture of 
GO and NaSH under gentle heating, has also been reported 
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FIGURE 32.17 TEM images of (a) Pd–C, (b) Pd–CNT, and (c) Pd–rGO. (Reprinted from Appl. Catal. B: Environ., 136, G. Wu et al., 
Palladium on graphene as efficient catalyst for solvent-free aerobic oxidation of aromatic alcohols: Role of graphene support, Appl. Catal. 
B: Environ., 136, Copyright 2013, with permission from Elsevier.)
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as a good support material for Ag NPs.40 Ag+ species are 
known to catalyze decarboxylative cycloaddition reac-
tions. To evaluate the catalytic performance of Ag–GOSH 
for such reaction, the latter composite was first treated with 
30% H2O2. The chemical state of the Ag species in the Ag–
GOSH composite was evaluated by XPS. Analysis of the Ag 
3d region suggested the coexistence of metallic and oxidized 
silver species on the surface of the Ag–GOSH catalyst as a 
result of the H2O2 treatment. The respective calculated con-
tents of the metallic Ag and oxidized Ag were 55% and 45% 
(based on the Ag 3d5/2 peak), and 47% and 53% (based on 
the Ag 3d3/2 peak). The effective use of Ag–GOSH to cata-
lyze decarboxylative-type reactions was first reported in this 
study40: alkynyl carboxylic acid, as an alkyne source, was 
reacted with NaN3 in the presence of Ag–GOSH to give a 
triazole compound (Scheme 32.15). Pretreatment of the pre-
pared Ag–GOSH with H2O2 was indispensable to induce 
catalytic activity.

In another study, Fe3O4–rGO was used to catalyze a 
three-component coupling reaction, comprising an aldehyde, 
amine, and alkyne (Scheme 32.16).41 To prepare the catalyst, 
GO was first dispersed in a solution of oleylamine in benzyl 

ether, assisted by sonication, to produce a light brown solu-
tion that was heated at 120°C, then at 220°C following injec-
tion of Fe(CO)5. During this procedure, GO was reduced by 
heating and CO, as generated from Fe(CO)5. After cooling to 
room temperature, the product was exposed to air, for oxi-
dation, producing Fe3O4–rGO. Fe3O4–rGO produced a supe-
rior product yield (90%) when compared with the respective 
yields obtained with Fe3O4 (72%) and rGO (58%). The high 
activity of the Fe3O4–rGO composite was attributed to the 
synergistic effect, as provided by the highly dispersed Fe3O4 
NPs on the surface of rGO and the moderate catalytic activ-
ity of rGO, which allows a higher portion of molecules to be 
in contact with the surface of the Fe3O4 NPs. The catalyst 
could also be easily recovered with a magnet and reused for 
subsequent runs.

32.7 CONCLUSION

GO has attracted much attention as a functional support 
material for metal NPs. To proceed to the synthesis of GO 
on an industrial level, the small-scale development of effi-
cient and safe synthetic techniques that generate minimal 
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amounts of waste is first required. The application of metal–
GO and metal–graphene composite as catalysts for organic 
reactions is an emerging area of research. To date, studies 
have been limited to cross-coupling, hydrogenation, and oxi-
dation reactions, as presented in this chapter. However, stud-
ies examining the application of the versatile metal–GO and 

metal–graphene catalysts in cutting-edge reactions, such as 
C–H functionalization, biomass transformation, multicom-
ponent reactions, and asymmetrical reactions, are expected 
to grow in the near future.
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33 Synthesis of Graphene and 
N-Doped Graphene from Flames

Chunxu Pan, Yupeng Zhang, Chengzhi Luo, and Weiping Li

ABSTRACT

A simple process was described for directly synthesizing 
pure graphene and N-doped graphene sheets from ethanol 
flame and amine + ethanol flames, respectively. The micro-
structures and nitrogen contents in the graphene sheets 
were characterized using scanning and transmission elec-
tron spectroscopy, x-ray photoelectron spectroscopy and 
Raman  spectroscopy. The results revealed that: (1) the gra-
phene sheets from flame exhibit good transparency and 
large size up to 400 µm2 with few layers and folded edges; 
(2) the  nitrogen-doped graphene sheets have a dominantly 
“ pyridine-type” structure with C=N bonds (one N atom 
bonded to two C atoms); and (3) compared with other meth-
ods, the graphene sheets from flame have more surface 
defects due to environmental conditions and the introduc-
tion of nitrogen atoms, which make it a promising material 
for supercapacitors and catalyst supports.

33.1 INTRODUCTION

Since its isolation by mechanical exfoliation by Novoselov 
et al. [1], graphene has attracted a great deal of scientific inter-
est owing to its unique properties. Graphene has been con-
sidered a promising material for electrochemical and optical 
devices due to its outstanding thermal conductivity [2], high 
electron mobility at room temperature [3], perfect quantum 
tunneling effect, semi-integer quantum Hall effect [4], and 
great optical properties [5]. So far, various methods have been 
developed for synthesizing graphene, such as mechanical 

exfoliation [1], epitaxial growth on SiC(0001) [6], chemical 
reduction, exfoliation of graphite oxide [7], and chemical 
vapor deposition (CVD) [8,9]. However, the relatively small 
yield, high cost, and low quality have limited its application.

Recently, flames have emerged as a viable alternative 
method for the synthesis of carbon nanomaterials [10]. The 
flame can provide a carbon-rich chemically reactive envi-
ronment capable of generating nanostructures during short 
residence times in a continuous single-step process. Various 
flame configurations, fuel types, and catalytic materials have 
been employed in an attempt to achieve the controlled growth 
of carbon nanoparticles, multiwalled carbon  nanotubes 
(MWCNTs) and single-walled carbon nanotubes (SWCNTs) 
as well as nanofibers, and graphene (Table 33.1).

In our previous work, CNTs and N-doped CNTs were 
prepared from ethanol and amine flames, respectively [26]. 
Compared with CVD and other methods, it was found that 
the nitrogen atoms in CNTs from flame are more stable, and 
they exhibit special microstructures and properties such as 
defects on the surface and excellent electrochemical prop-
erties. In  this chapter, a simple method was introduced for 
direct synthesis of pure graphene and N-doped graphene from 
flames [27]. The results showed that pure graphene could be 
obtained from ethanol flames, while N-doped graphene could 
be synthesized from mixed amine + ethanol flames. The form 
of N atoms in the graphene and its growth mechanism were 
also discussed under the special synthesis conditions of the 
flames. There are many specific defects in N-doped gra-
phene, which provide significance in its special properties and 
 potential applications.
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33.2  CURRENT STATUS AND PROGRESS 
OF N-DOPED GRAPHENE

33.2.1 SynthetiC methodS For n-doped Graphene

Doping is an efficient way to tailor the electronic, chemi-
cal, optical, and magnetic properties of materials, and this 
approach has been widely applied in semiconductor elec-
tronics and photovoltaic devices. Substitutional doping of 
 graphene with different atoms (e.g., B, N, S, and Si) results in 
the disruption of an ideal sp2-hybridization of carbon atoms, 
thus locally inducing significant changes in their electronic 
properties and chemical reactivity. In particular, in addi-
tion to introducing additional n-type carriers in carbon sys-
tems, N-doping is crucial for applications in high-frequency 
semiconductor devices and enhanced catalysis for energy 
conversion and storage. N-doping could also enhance the 
biocompatibility of carbon nanomaterials, and it is therefore 
favorable for biosensing applications [28].

In recent years, there were three approaches for synthesiz-
ing N-doped graphene, for example, CVD [29], plasma treat-
ment [30], and arc discharge in the atmosphere of hydrogen 
and nitrogen [31] (Table 33.2).

 1. CVD approach [39]. CVD is a widely used method 
to synthesize various carbon nanomaterials, such as 
graphene, CNTs, carbon nanofibers, and N-doped 
CNTs. Recently, it has been successfully applied to 
prepare N-doped graphene. Typically, a metal cat-
alyst (Cu or Ni) was used as the substrate, then at 
high temperature, a carbon source gas mixed with a 
N-containing gas was introduced. These precursors 
dissociate and recombine into N-doped graphene by 
means of precipitation on the surface of the catalyst. 
For example, Wei et  al. [29] synthesized N-doped 
graphene via a CVD process using a 25 nm thick 
of Cu film on a Si substrate as the catalyst. They 
found that N atoms could be substitutionally doped 

into the graphene lattice, and the electrical measure-
ments showed that N-doped graphene exhibited an 
n-type behavior, indicating substitutional doping 
could effectively modulate the electrical properties 
of graphene.

 2. Arc–discharge approach [39]. The arc–discharge 
approach has been applied to obtain CNTs and doped 
CNTs by evaporating the carbon source at high 
temperature. Rao et  al. [31] successfully obtained 
N-doped graphene by applying this method in the 
presence of pyridine vapor or NH3. The N content of 

TABLE 33.1
Research Progress in Synthesis of Carbon Nanomaterials by Flame

Carbon Nanomaterials Fuel Grow Condition Reference

Fullerene (C60, C70) Hydrocarbon/air Low pressure; 800–2000°C [11,12]

CNT C3H8–air or C6H6–Air or C2H2–
O2-N2 or C2H4–Air or C2H6O–air

Catalysts: stainless steel, Ni-nitrate solution, Ni- or Fe-based 
alloy, Co; 500–1400°C

[13–17]

SWNTs C2H2–air or C2H2–O2–Ar or natural 
gas–O2

Catalysts: Fe–nitrate solution, Ni–nitrate solution, ferrocene, 
Fe(CO)5; pressure (30–80 torr); 800–1600°C

[18–20]

Carbon nanofiber C2H2–CO–H2 or C2H6O–air or 
amine–air

Catalysts: stainless steel, Ni- or Fe-based alloy, Fe–nitrate 
solution, Ni–nitrate solution; 500–1400°C 

[21–23]

Graphene Burner 1: C4H10

Burner 2: CO–H2

Catalysts: Ni foil; dual flame method, burner 1 provided the 
carbon source, burner 2 provided the temperature and 
protective atmosphere; high temperature (>800°C)

[24]

Graphene CH4–air Catalysts: 25 µm Cu or Ni foils; high temperature (about 950°C) [25]

Source: Reprinted from Thin Solid Films, 520(23), Y. P. Zhang, B. Cao, B. Zhang, X. Qi, C. X. Pan, The production of nitrogen-doped graphene from mixed 
amine plus ethanol flames, 6850–6855, Copyright 2012, with permission from Elsevier.

TABLE 33.2
Nitrogen-Doping Methods and Nitrogen Concentration 
on Graphene

Synthesis 
Method Precursors

N Content 
(at%) Reference

CVD Cu film on Si substrate as 
catalyst, CH4–NH3

1.2–8.9 [29]

CVD Cu foil as catalyst, NH3–He 1.6–16 [32]

CVD Ni film on SiO2/Si substrate as 
catalyst, NH3–CH4–H2–Ar

4 [33]

Solvothermal Li3N–CCl4 4.5 [34]

Arc discharge Graphite–H2–He–NH3 1 [31]

Thermal 
treatment

N+ ion-irradiated graphene, NH3 1.1 [35]

Thermal 
treatment

Graphite oxide after thermal 
expansion, NH3–Ar

2.0–2.8 [36]

Plasma 
treatment

Graphite oxide after thermal 
expansion, N2/NH3 plasma

8.5 [37]

N2H4 treatment Graphite oxide after thermal 
expansion, N2H4

1.04 [38]

Source: Reprinted from Thin Solid Films, 520(23), Y. P. Zhang, B. Cao, B. 
Zhang, X. Qi, C. X. Pan, The production of nitrogen-doped gra-
phene from mixed amine plus ethanol flames, 6850–6855, 
Copyright 2012, with permission from Elsevier.
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the as-synthesized graphene was around 0.5–1.5 at%, 
and most of the N-doped graphene  possessed two or 
three layers.

 3. Plasma treatment [39]. When carbon material is 
placed in a nitrogen plasma atmosphere, carbon 
atoms will be partly replaced by nitrogen atoms. 
Therefore, this method has been applied to synthe-
size N-doped CNTs. Recently, it has been reported 
that N-doped graphene could be prepared from gra-
phene or graphene oxide by exposing it to nitrogen 
plasma or NH3 plasma. The nitrogen content, which 
was expected to be controlled by the plasma strength 
and exposure time, varied from 3 to 8.5 at% in 
 different works.

33.2.2  CharaCterization teChniqueS 
For n-doped Graphene

 1. X-ray photoelectron spectroscopy (XPS) [39]. XPS 
is a standard technique to study the N-doping effect 
in graphene. In an XPS spectrum of N-doped gra-
phene, peaks appearing at about 400 and 285 eV 
correspond to the N 1s and C 1s, respectively. The 
nitrogen content can be determined from the ratio of 
peak intensity between the N 1s and C 1s. Moreover, 
the N 1s spectrum is used to determine the nitrogen 
configurations. For the N-doped graphene, the N 1s 
spectrum usually can be deconvoluted into several 
individual peaks, which are assigned to pyridinic N 
(398.1–399.3 eV), pyrrolic N (399.8–401.2 eV), and 
quaternary N (401.1–402.7 eV).

 2. Raman spectroscopy [39]. Raman spectroscopy is 
another useful approach to characterize N-doped 
graphene. The predominant feature in a spectrum of 
graphene is D, G, and 2G bands, which correspond 
to the peaks at 1350, 1580, and 2690 cm−1, respec-
tively. Many studies have revealed that the intensity 
ratio of D and G bands (ID/IG) was inversely propor-
tional to the inplane crystallite. For N-doped gra-
phene, the substitution of nitrogen atoms is usually 
accompanied by the introduction of defects into the 

graphene surface. Therefore, the intensity ratio of D 
and G bands can be used to characterize N-doped 
graphene.

33.3  SYNTHESIS OF GRAPHENE AND 
N-DOPED GRAPHENE FROM FLAMES

33.3.1 experimental

During the experiment, a Ni film was selected as the catalyst 
for growing graphene. The process for preparing Ni film is 
described in detail as follows: first, a layer of 50 nm thick gold 
film was deposited on the surface of the Si substrate using 
a regular sputtering device. This could improve the electri-
cal conductivity of the Si substrate (it was difficult to deposit 
Ni on Si substrate directly). Then, a layer of nanocrystalline 
Ni film was deposited upon the Au film by a pulsed electro-
deposition process with parameters forward voltage 3 V 
and reverse  voltage 1 V. The thickness of the Ni films could 
 accumulate up to about 50 nm/min of the pulsed electro- 
deposition process.

When amine was used as fuel, the flame temperature could 
only reach 450°C, just appropriate for synthesizing N-doped 
CNTs [26]. However, it has been reported that the temperature 
for growing graphene in hydrocarbon gas should be higher 
than 700°C [40,41]. Therefore, ethanol plus ammonia mixture 
was used as fuel with a volume ratio of 70% ethanol and 30% 
ammonia, as the temperature of the ethanol flame is higher 
than 800°C. In order to compare the combustion property 
of the flames, the longitudinal temperature distributions in 
the center of the flame were measured by using a platinum– 
platinum rhodium thermocouple (1.5 mm in diameter). As 
shown in Figure 33.1, the maximum temperature was 730°C 
at the location of 5–6 cm above the lamp. Then, the substrate 
with a Ni film was inserted into the flame at 5.5 cm above the 
lamp for 1 min, and a brown combustion substance could be 
observed upon the substrate when it was withdrawn from the 
flame. It could be found that the ethanol flame tends to grow 
pure graphene, while the mixed ethanol plus ammonia flame 
tends to grow N-doped graphene. As a comparison, we also 
synthesized graphene from the exfoliation of graphitic oxide.
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FIGURE 33.1 Diagram of flame and its temperature profile. (Reprinted from Thin Solid Films, 520(23), Y. P. Zhang, B. Cao, B. Zhang, X. 
Qi, and C. X. Pan, The production of nitrogen-doped graphene from mixed amine plus ethanol flames, 6850–6855, Copyright 2012, with 
permission from Elsevier.)
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The morphologies and microstructures of the graphene 
were characterized by scanning electron microscopy (SEM) 
(FEI SIRION, the Netherlands operated at 15 kV), high- 
resolution transmission electron microscopy (HRTEM) 
(JEOL JEM 2010FEF, Japan operated at 200 kV), and Raman 
spectroscopy (HORIBA Jobin Yvon LabRAM HR, France). 
The power of the laser was 15 mW, and the laser excitation 
was 488 nm. Scans were taken on an extended range (1000–
3000 cm−1) and the exposure time was 5 s. The chemical bind-
ing energy and elemental compositions of the nitrogen-doped 
graphene were measured by using XPS (Thermo Scientific 
VG Multilab2000 spectrometer, USA), with monochromatic 
Al Ka radiation (225 W, 15 mA, 15 kV) and low-energy elec-
tron flooding for charge compensation. The purity of argon 
gas was 99.999%, and the residual pressure in the preparation 
chamber of the XPS system was about 1 × 10−6 Pa.

33.3.2 SyntheSiS oF Graphene From ethanol Flame

Figure 33.2a shows the SEM   morphologies  of  the  Ni- 
electrodeposited substrate. A nickel (Ni) film covered the 
Si wafer, and the Ni grains could be clearly observed. After 
insertion into the ethanol flame, as shown in Figure 33.2b, 
the thin and transparent graphene layers were observed on the 
substrate surface with a size in tens of square microns, and the 
Ni film turned discontinuous after been heated. The graphene 
sheets bridged across the gaps of the Ni grain and came out to 
be continuous films. These results are helpful for understand-
ing the growth mechanism, which will be discussed later.

Figure 33.3 shows the TEM and HRTEM micrographs 
of the graphene sheets. Many large graphene sheets were 
observed on the top of TEM microgrid. Generally, the 
 graphene sheets were transparent and corrugated, intrinsic to 
two-dimensional sheets. HRTEM characterization revealed 
that the thin film had ordered graphitic lattices, which could 
clearly be numbered as 7–8 layers at the folded edges. Actually, 
because of the inhomogeneity of the graphene  layers, thin gra-
phene sheets with two or three layers were also observed, as 
shown in Figure 33.3c. It should be noted that the film does 
not have a perfect crystalline structure, which is due to the 

low  temperature and oxygen-rich environment in the flame. 
However, the graphitic laminar structure can be resolved in the 
ordered region, as shown in the fast Fourier transform electron 
diffraction (Figure 33.3d). The hexagonal electron diffraction 
pattern of the sheet material reveals that it possesses a three-
fold symmetry of arrangement of  carbon atoms, which con-
firms the crystalline structure of the  graphene sheets.

33.3.3  SyntheSiS oF Graphene From mixed 
ethanol pluS ammonia Flame

Figure 33.4 shows the SEM and optical morphologies of the 
combustion substance from the mixed ethanol plus ammo-
nia flame. According to these results, we confirmed that 
the similar thin films as in the ethanol flame could also be 
obtained from the mixed flame. This film is of a large size 
up to 400 µm2 with good transparence. Because of the ther-
mal expansion difference between the graphene sheet and the 
 substrate, the edges of the graphene are curled or wrinkled.

Figure 33.5 shows the graphene sheets grown on substrate 
under different Ni film deposition conditions. Obviously, as the 
deposition time prolonged, the thickness and density of the Ni 
film increased, which then tended to form the desired large gra-
phene sheets. That is to say, in the case of a short deposition 
time, such as 10 or 20 s, the Ni film (less than 20 nm, discontin-
uous) was too thin to fulfill the carbon diffusion-precipitation 
process and grow a graphene sheet. However, in other cases, 
when the deposition times were long enough, such as 40 or 
60 s (about 50 nm, continuous), a nanocrystalline Ni film with 
enough thickness was deposited. A large graphene sheet could 

(a)

0.2 μm 2 μm

(b)

FIGURE 33.2 (a) SEM morphology of the original Ni/Au-coated 
Si wafer and (b) the pure graphene from ethanol flame. (Reprinted 
from Thin Solid Films, 520(23), Y. P. Zhang, B. Cao, B. Zhang, X. 
Qi, C. X. Pan, The production of nitrogen-doped graphene from 
mixed amine plus ethanol flames, 6850–6855, Copyright 2012, with 
permission from Elsevier.)
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FIGURE 33.3 TEM images of graphene sheets synthesis by 
flames: (a) low-magnification image; (b) and (c) high-magnification 
images; and (d) electron diffraction on graphene. (Reprinted from 
Thin Solid Films, 520(23), Y. P. Zhang, B. Cao, B. Zhang, X. Qi, 
and C. X. Pan, The production of nitrogen-doped graphene from 
mixed amine plus ethanol flames, 6850–6855, Copyright 2012, with 
permission from Elsevier.)
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be obtained due to the complete carbon diffusion–precipitation 
process in the film. Therefore, when the substrate was taken out 
from the flame, the Ni film  contracted into an irregular spheri-
cal shape during cooling. At this time, the graphene sheets were 
separated from the Ni film and suspended upon the substrate.

In order to measure the N-doping content and its incor-
poration in the graphene, XPS analysis was carried out, as 
shown in Figure 33.6. The survey scan spectrum shows 
the presence of principal elements C 1s, O 1s, and Si core 
levels, in which the N peak is not obvious. However, from 
a high-resolution scan of the C 1s and N 1s spectral region, 
we found that the C1s core level peak can be resolved into 
three components centered at 284.6, 286.5, and 288.2 eV, 
while the N 1s one can also be resolved into two components 
 centered at 399.1 and 402.7 eV, and the content of atomic ratio 
of N/C is 1.4%. Using normal incidence XPS measurements 
resulted in an important portion of the signal coming from 
the substrate and a very low signal from the nitrogen dopant 
in the  graphene. Nevertheless, we believe that the informa-
tion obtained from the N 1s  confirms the structure of nitrogen 
atoms in the graphene.

According to the reports on the preparations and applica-
tions of N-doped graphene [33,42], the C1s peak at 284.6 eV 
is attributed to the C–C bond which forms the backbone of 
graphene, the peak at 286.5 eV corresponds to the C–O or 
C–N bond, and the peak at 288.2 eV is the C=O bond [43]. 
From the height and area of the peaks, we could clearly con-
firm that the main form of carbon is the C–C bond and there 
are also small amounts of C=O bonds. However, from the 
high-resolution scan of N 1s, two bonding forms of nitrogen 
atoms with the neighbor carbon atoms can be found, as shown 
in Figure 33.6. It has been reported that the peaks at 399.1 and 
402.7 eV are attributed to the “pyridine-type nitrogen” with 
N=C bond, and “graphite-type nitrogen,” respectively [44]. 
Therefore, in the present work most of the nitrogen is in the 
pyridine-type form while a little part of the nitrogen is of the 
graphite-type.

The results from XPS indicate that in the N-doped gra-
phene from flame, the N atoms tend to substitute edge carbon 
atoms to form a pyridine structure (Figure 33.7), while only a 
few N atoms tend to form a hexagonal graphite structure. In 
addition, the existence of the “pyrrolic-type” N atoms  suggests 
that there are many defects in the N-doped graphene. That is 
to say, the N-doped graphene sheets prepared from flames do 
not completely consist of a hexagonal lattice  structure, and 
there are many pentagon defects in it.

Raman spectroscopy is an easy method to provide quick 
characterization of the quality of graphene sheets [45,46]. 
Figure 33.8 illustrates the Raman spectra of the graphenes 
synthesized from ethanol flame, mixed ethanol plus amine 
flames, and exfoliation of graphitic oxide. It is known that 
there are three Raman peaks which can be observed from gra-
phene, that is, G peak at 1570 cm−1, D peak at 1360 cm−1, and 
2D peak at 2720 cm−1, while D′ peak at 1620 cm−1 comes from 
the graphene structure defects and was not found in graphite 
crystals [47]. In general, the value of Id/Ig ratio reflects the 
surface defects density of graphene [48]. From Figure 33.8, 
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FIGURE 33.4 Morphologies of the N-doped graphene from the 
mixed ethanol + ammonia flame: (a) optical; (b) SEM; (c) local 
high magnification of (b); and (d) local high magnification of (c). 
(Reprinted from Thin Solid Films, 520(23), Y. P. Zhang, B. Cao, 
B. Zhang, X. Qi, and C. X. Pan, The production of nitrogen-doped 
graphene from mixed amine plus ethanol flames, 6850–6855, 
Copyright 2012, with permission from Elsevier.)
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FIGURE 33.5 Growth of the graphene sheets with different Ni film 
deposition times. (a) 10 s; (b) 20 s; (c) 40 s; and (d) 60 s. (Reprinted 
from Thin Solid Films, 520(23), Y. P. Zhang, B. Cao, B. Zhang, X. 
Qi, and C. X. Pan, The production of nitrogen-doped graphene from 
mixed amine plus ethanol flames, 6850–6855, Copyright 2012, with 
permission from Elsevier.)
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we can clearly see that more surface defects exist in the gra-
phene (Id/Ig = 0.944) from flame than from exfoliation of 
graphitic oxide (Id/Ig = 0.293), and due to the introduction of 
N atoms, the surface defect density further increases in the 
N-doped graphene (Id/Ig = 1.231). In addition, a D + G peak is 

obviously observed in the graphene from flame, which may be 
assigned to symmetric C–H stretch of surface CH3 [49].

Basically, in graphene with zero-dimensional point-
like defects, the distance between defects, LD, is a mea-
surement of disorder, and recent experiments show that 
different approaches must be used to quantify LD by Raman 
 spectroscopy [50–52]. Consequently, according to the follow-
ing equation:
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LD = 21, 12, and 10 nm for samples involving graphene 
from exfoliation of graphitic oxide, ethanol flame, and 
mixed amine plus ethanol flame, respectively. Comparing 
with the chemical exfoliation and CVD approach, these 
results verified that the present graphene which grew at high 
temperature in the air, might possess special microstruc-
tures such as additional functional groups and more defects. 
It has been reported that an introduction of short-range 
charge disorder in graphene can achieve some special elec-
tronic properties [53] and defects in carbon nanomaterials 
that give it excellent electrochemical properties [54]. In fact, 
crystal defects can be a tool for the band-tuning of semime-
tallic graphene film to achieve desired electronic proper-
ties. From the Raman measurements, it is found that the 
flame provides rich  surface defects, and the defect density 
can be enhanced by the  introduction of N atoms. Therefore, 
we believe that the flame  synthesized graphene with defects 
may also have some novel properties and potential applica-
tions in future.

33.3.4  Growth meChaniSm oF Graphene 
and n-doped Graphene in Flame

Because of the complexity and particularity of combustion 
conditions, the growth of the N-doped graphene from flame 
exhibits many differences from other processes. Thus, we 
propose a possible growth mechanism for the N-doped gra-
phene in flame, as shown in Figure 33.9. Obviously, N doping 
and graphene growth were fulfilled simultaneously during 
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FIGURE 33.7 Different N atoms doping in the N-doped gra-
phene. (Reprinted from Thin Solid Films, 520(23), Y. P. Zhang, B. 
Cao, B. Zhang, X. Qi, and C. X. Pan, The production of nitrogen-
doped graphene from mixed amine plus ethanol flames, 6850–6855, 
Copyright 2012, with permission from Elsevier.)
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 flaming. First, the free carbon (C) and nitrogen (N) atoms 
existed in flame during the combustion of mixed amine plus 
ethanol fuel, and they dissolved and saturated in the Ni film 
catalyst. And then, when the process stopped and the substrate 
was drawn out of flame, the carbon solubility in the Ni film 
catalyst decreased sharply, which resulted in the precipitation 
of co-existed C and N atoms from the Ni film. Finally, the 
N-doped graphene sheets began to grow, in which N atoms 
were introduced in the skeleton structure of graphene. For 
comparison, different substrates involving Si, glass, and Cu 
were selected for growing graphene sheets in flame. However, 
only amorphous carbon particles were observed on the Si 
and glass substrates, and the quality of carbon film on the 
Cu substrate was poor. These results were strong evidence to 
support the proposed growth mechanism, which is named the 
“diffusion-precipitation” model.

Because of the low temperature and oxygen-rich envi-
ronment in the flame, many structural defects formed dur-
ing  graphene growth, which has been evidenced by Raman 
spectra, as shown in Figure 33.8. It is well-known that 
temperature is an important influence on the crystallin-
ity of graphene  layers, and generally, the high temperature 
could enhance the sp2-hybridization of carbon lattice and 
anneal the structural defects [55]. In addition, because of the 
 nonuniform distribution of temperature in the flame, the sol-
ubility of carbon in the Ni substrate is temperature-depen-
dent, which would cause the scarcity of carbon atoms on 
the Ni surface at the portion of low temperature. Therefore, 
large amounts of structural defects in the graphene would be 
produced during cooling. Because the as-synthesized gra-
phene will be oxidized locally during cooling when the tem-
perature is still several hundred degrees, some additional 
functional group will be formed. This may be a fundamen-
tal limit to the quality of the “graphene” film formed in this 
way. Furthermore, the oxygen-rich environment also influ-
enced the formation of structural defects in the graphene, 
which was coincident with the research on production gra-
phene by ethanol vapor [56].

During the preparation, the Ni films undergo a process of 
melting, cooling, and shrinkage. In the shrinkage phase, gra-
phene/Ni/Au stacks are separated from the substrate due to the 
poor adhesion of Au. Furthermore, because of the fast cooling 
in the atmosphere, about less than 10 s, some special defects 
remain more easily in the graphene. The graphene sheets are 
not composed of whole hexagonal lattice, and the existence 
of “pyrrolic-type” N atoms demonstrates the  formation of 
 pentagon defects.

33.4 SUMMARY

Flame provides a simple route to synthesize graphene, and 
various doped graphenes can be easily and directly obtained 
just by changing the fuels. The graphene sheets from flames 
exhibit a good transparence and large size up to 400 µm2. 
In addition, because of special preparation conditions in the 
air, the present graphenes have more surface defects and the 
introduction of nitrogen atoms make it a promising material 
for application in energy storage and catalyst supports.
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34 Fabrication and Characterization 
of Graphene and Graphene/
Metal Oxide Nanocomposites

Tawfik A. Saleh and Mohammed A. Al-Daous

ABSTRACT

There has been a growing interest in the synthesis of nanoscale 
materials for different effective applications. The synthesis and 
characterization of nanostructured carbon-based materials, 
such as graphene and graphene–metal oxide composites, is one 
of the most exciting fields of research today. The objective of 
this chapter is to address and discuss the synthesis and charac-
terization of graphene and graphene–metal oxide composites. 
This chapter starts with a general introduction about graphene 
and graphene–metal oxides. After that, various methods of gra-
phene synthesis are described. In addition, their characteriza-
tion using different techniques, including x-ray diffraction, field 
emission scanning electron microscope, high-resolution trans-
mission electron microscope, and infrared transform absorp-
tion spectrometer, are described, to explain the morphology 
and structural properties of the composites, crystalline phases, 
and average size. Next, the synthesis methods (chemical, elec-
trochemical, physical, mechanical, thermal, and other methods) 
and characterization of graphene coated and embedded with 
metal oxides such as titania, alumina, nickel oxide, and zinc 
oxide are discussed. This work adds to the global discussion on 
the synthesis of graphene via cost-effective methods and from 
cheap sources such as graphite.

34.1 INTRODUCTION

Graphene is a single carbon layer of the graphite structure and 
a two-dimensional carbon allotrope made up of a conjugated 

system of sp2 carbons arranged in a honeycomb structure. It 
is of a nature of polycyclic aromatic hydrocarbons of quasi-
infinite size. Since the 1940s, the concept of graphene has 
been around; however, it was thought it was thermodynami-
cally unstable under ambient conditions (Chua and Pumera, 
2013). In 1968, graphene was noticed on a platinum surface 
(Novoselov et  al., 2004). In 2004, single monolayer gra-
phene was observed. In 2010, the Nobel Prize in Physics was 
awarded to Konstantin Novoselov and Andre Geim for their 
groundbreaking experiments on two-dimensional graphene 
(Novoselov et al., 2004). Since then, graphene has received 
increasing attention and become a rapidly rising star on the 
horizon of materials science owing to its unique proper-
ties. It is noticeable that the number of publications on gra-
phene has dramatically increased in recent years. Due to its 
extraordinary and superior properties, graphene has revealed 
potential applications in fuel cells, batteries, sensors, biosen-
sors, transparent conductive films, touch screens, capacitors, 
high frequency circuits, toxic material removal, and flexible 
electronics.

The applications rely on the type of graphene. For example, 
monocrystalline graphene is used in more advanced applica-
tions, and polycrystalline graphene is used to manufacture 
some types of transistors and advanced composites. Another 
way to determine the type of the graphene and its applications 
is by determining the structural properties of the graphene 
from armchair to zigzag and all intermediate orientation chi-
ral angles. The zigzag type is always metallic while the arm-
chair type can be semiconducting or metallic depending on 
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chirality; this type varies with experimental conditions during 
the production of graphene.

Recently, metal and metal oxide nanoparticles supported 
on graphene (composites) have become the focus of research 
because of their extraordinary optical, thermal, electrical, and 
mechanical properties; and have been extensively studied and 
found to be effective for several applications such as catalysts, 
photocatalysts, adsorbents, etc.

In our previous work we have reported the use of differ-
ent carbon-based materials and nanomaterials for different 
applications such as water treatment and photodegradation 
(Gupta and Saleh, 2013; Gupta et  al., 2011a,b, 2012; Saleh 
et  al. (2010); Saleh 2011, 2013; Saleh et  al., 2011a,b, 2013, 
2014; Saleh and Gupta 2012a,b,c,d; However, graphene 
seems to be probably more promising (Gupta et al., 2012) for 
several applications.

In this chapter, the synthesis methodology of graphene will 
be discussed in Section 34.2 and the synthesis of composite 
materials will be discussed in Section 34.3. The discussion 
will highlight the synthesis process starting with the activa-
tion or functionalization of graphene followed by the decorat-
ing graphene with nanoparticles.

34.2 SYNTHESIS STRATEGY

34.2.1 methodS

Since 2004 when the first experimental evidence of the elec-
tronic properties of graphene was approved, experimental 
research has been concentrated on the development of syn-
thetic routes to enable the effective production of well-defined 
sheets. To date, the methods developed for graphene pro-
duction include: the exfoliation of graphite, chemical vapor 

deposition (CVD) growth, chemical, electrochemical, ther-
mal, photocatalytic reduction of graphene oxide (GO), and 
fluoro-graphene (Sutter et  al., 2008; Williams et  al., 2008; 
Kim, H. et al., 2009; Li et al., 2009a,b; Lotya et al., 2009; Bae 
et al., 2010; Guo and Dong 2010).

The methods employed for the production of graphene 
can be classified into three major methods: (i) exfoliation and 
cleavage of graphite; (ii) CVD; and (iii) methods of chemical 
derivatives (Figure 34.1).

Chemical exfoliation is a method used for the synthe-
sis of graphene from graphite, which can be exfoliated, or 
cleaved by several chemical-based procedures. One of the 
procedures is based on chemical oxidation of graphite and 
subsequent exfoliation. It is produced by the oxidative treat-
ment of graphite via one of three principal methods devel-
oped by Brodie (1860), Hummers and Offeman (1958), and 
Staudenmeier. It should be noticed that the treatment should 
be strong enough to exfoliate the sheet in the graphite 
structure due to the interaction between the graphite layers 
(Figure 34.2).

Graphene is prepared from purified natural graphite by 
improved Hummers methods (Hummers and Offeman, 1958). 
Example of the improved method is as follows. Briefly, 1 g 
of graphite is mixed with 6 g of KMnO4, then, the mixture 
is added into a 135:15 mL mixture of concentrated sulfuric 
acid/phosphoric acid in an ice-bath to prevent the temperature 
from exceeding 5°C. Then, the ice-bath is removed and the 
resulting mixture is stirred at approximately 50°C, where it 
is maintained for 30 min. Then, 200 mL of deionized water 
is slowly added into the stick mixture, causing an increase 
in temperature to 70–98°C. After 12 h as optimum time, 
the mixture is cooled to room temperature and then poured 
onto a mixture of 200 mL of ice and 1 mL of 30% hydrogen 
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peroxide (or into hydrogen peroxide in nitrogen bath). 30% 
H2O2 was drop wise added until the color of mixture changed 
to brilliant yellow (Wu et al., 2013). While the mixture was 
still warm, the solid is washed and centrifuged with HCl 
(to remove metal ions), then washed with distilled water (to 
remove the acid), and ethanol sequentially. The remaining 
solid was filtered over a PTFE membrane (0.45 µm pore size) 
resulting in a yellow-brown filter cake. The resulting filter 
cake hydrophilic nature of the oxygenated graphene layers is 
dried in air and then redispersed into water. Suspended GO 
sheets are obtained after ultrasonic treatment with the help of 
a sonication process.

The resulted graphene is lighter than graphite and loses its 
electronic conjugation. The GO sheets are with basal surfaces 
decorated mostly with oxygen containing groups; epoxide, 
hydroxyl groups, carbonyl, and carboxyl groups on the sur-
face and at the edges. These oxygen functionalities render the 
GO layers of graphene hydrophilic and water molecules can 
readily intercalate into the interlayer galleries. Thermal treat-
ment of the resulted graphene has been suggested to be capa-
ble of producing individual functionalized graphene sheets 
(Schniepp et al., 2006).

The electrical conductivity can be restored close to the 
level of graphite by chemical reduction of the exfoliated GO 
sheets with several reducing agents; with hydrazine hydrate 
(H2NNH2 ⋅ H2O) likely to be the best (Hofmann and Frenzel, 
1934; Boehm et al., 1962; Kotov et al., 1996; Xiao et al., 2000; 
Bourlinos et al., 2003).

In a typical procedure reported by Stankovich et  al., the 
following steps can achieve the reduction of graphene by 
hydrazine. A 100 mL water is to be added to 100 mg GO 

in a 250-mL round bottom flask to yield an inhomogeneous 
yellow-brown dispersion. This mixture is sonicated until it 
becomes clear with no visible particulate matter. A 1.00 mL, 
32.1 mmol of hydrazine hydrate is then to be added and the 
solution heated in an oil bath at 100°C under a water-cooled 
condenser for 24 h over which the reduced GO gradually pre-
cipitates out as a black solid. This is followed by filtration 
over a medium fritted glass funnel, washing with water and 
methanol, and dried on the funnel under a continuous air-
flow through the solid product cake (Stankovich et al., 2007). 
However, incorporation of some nitrogen from the reducing 
agent through the reaction of hydrazine with the carbonyl 
groups of graphene is expected. This can be confirmed by 
elemental analysis (Stankovich et al., 2006).

Pristine graphene can be isolated by sonicating graphite in 
organic solvents. For example, isolation of graphene mono-
layers is achieved by graphite dispersion in ortho-dichloro-
benzene, perfluorinated aromatic molecules, pyridine, or 
chloro-acetate (Bourlinos et al., 2009; Hamilton et al., 2009).
The monolayer graphene and few-layer graphenes are col-
lected using a combination of extended bath sonication and 
careful centrifugation. Chemical unzipping of carbon nano-
tubes (Sinitskii et  al., 2010) can also produce pristine gra-
phene nanoribbons.

On the other hand, graphite could be exfoliated in 
N-methyl-pyrrolidone to produce defect-free monolayer gra-
phene (Blake et al., 2008; Hernandez et al., 2008). Surfactants 
like sodium dodecylbenzenesulfonate and sodium cholate can 
also be used to exfoliate graphite in water to produce gra-
phene. Surfactants have the advantages of stabilizing gra-
phene sheets against aggregation by a relatively large potential 
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barrier caused by the Coulomb repulsion between surfactant-
coated sheets (Green and Hersam, 2009; Lotya et al., 2009). 
In such methods, it is the high boiling point of the solvent that 
makes the following graphene deposition difficult.

Incorporation of small molecules between the layers of 
graphite or by noncovalently attaching molecules onto the 
sheets may enhance the in-plane electrical conductivity if the 
interaction is by charge transfer or decrease when the small 
molecules form covalent bonds with the graphite layers as 
in fluorides or oxides. Examples are acetic acid, acetic acid 
anhydride, concentrated sulfuric acid, and hydrogen peroxide. 
Concentrated sulfuric acid is considered to provide the opti-
mum condition for preparing the expandable graphite with 
ultrasound irradiation (Li et al., 2008).

In mechanical exfoliation, graphite is dry etched in oxy-
gen plasma. The resulting product is then stuck onto a photo-
resistant peeled off layer by scotch tape. The produced flakes 
left on the photoresist are washed off in acetone, and then 
transferred to a silicon wafer. The final product is composed 
of monolayer or a few layers of graphene (Novoselov et al., 
2004; Hakimi and Alimard, 2012).

CVD on substrates appears to be one of the most prom-
ising methods for large-scale production of graphene. The 
procedure includes the following steps: (i) catalytic decom-
position of carbon precursor like methane; the process 
depending on the temperature, pressure, flow, and hydrogen 
partial pressure; (ii) formation of nuclei as a result of local 
super saturation of CxHy; (iii) growth to form graphene 
islands on substrate (Li et al., 2009a,b; Wei et al., 2009; Qu 
et  al., 2010; Reddy et  al., 2010). Plasma-enhanced chemi-
cal vapor deposition (PECVD) is considered to be another 
route of graphene synthesis at a lower temperature compared 
to thermal CVD. In thermal decomposition on substrates 
like silicon carbide, carbon atoms sublimate from the sub-
strate. The removal of Si leaves the surface carbon atoms 
to rearrange into graphene layers with the thickness of the 
graphene depending on the annealing time and temperature 
(Emtsev et al., 2009; Penuelas et al., 2009; Sprinkle et al., 
2009; Tedesco et al., 2010).

Classification of the methods used to produce graphene is 
presented in Table 34.1. Examples of some techniques closer 
to real-world applications include chemical reduction of GO 

TABLE 34.1
Techniques for the Production of Graphene

Class of the Method Name of the Technique Precursor Reference

Exfoliation (cleavage)
Dry exfoliation Micromechanical exfoliation

Anodic bonding
Laser ablation
Photoexfoliation

Graphite
Graphite
Graphite
Graphite

Bonaccorso et al. (2012)
Shukla et al. (2009)
Mortazavi et al. (2012)
Mortazavi et al. (2012)

Liquid-phase exfoliation Graphite, graphite oxide, and intercalated 
graphite

Hernandez et al. (2008) and Lotya et al. 
(2009)

Growth
Growth on substrate like SiC Growth on SiC Various hydrocarbon such as methane CH4 Ago et al. (2010)

Growth on metals Growth by precipitation Various hydrocarbon Peng et al. (2011)

CVD Thermal CVD on metals Solid, liquid, or gaseous precursors like 
hydrocarbon species such as methane 
(CH4) and acetylene (C2H2)

LÓpez et al. (2010), Park et al. (2010) 
and Terasawa and Saiki (2012)

Thermal CVD on insulators Hydrocarbon species such as ethylene Cao et al. (2011)

Plasma-enhanced CVD Hydrocarbon species such as ethylene, 
methanol, ethanol and propanol

Guermoune et al. (2011)

Microwave plasma-enhanced CVD Hydrocarbon species such as ethylene Malesevic et al. (2008)

Epitaxy
Molecular beam epitaxy Ethanol Maeda and Hibino (2013)

Atomic layer epitaxy Kim, H. et al. (2009)

Heat-driven conversion of 
amorphous carbon and other 
carbon sources

Bulk carbon materials like amorphous 
carbon

Turchanin et al. (2011)

Chemical synthesis
Chemical reduction Graphite oxide Li et al. (2008) and Williams et al. (2008)

Self-assembly approach Hydrocarbon species Weixia et al. (2009) and Li et al. 
(2009a)

Arc discharge Helium arc discharge Mixture of carbon dioxide and helium 
with two graphite rods (electrodes)

Wu et al. (2010a,b)
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(Li et al., 2008; Williams et al., 2008), liquid-phase exfoliation 
of graphite (Hernandez et al., 2008; Lotya et al., 2009), CVD 
(LÓpez et al., 2010; Park et al., 2010), helium arc discharge 
(Wu et  al., 2010a,b), and the large growth or self-assembly 
approach (Li et al., 2009b; Weixia et al., 2009).

Comparing physical and chemical methods, one can con-
clude that physical exfoliation approaches are desirable where 
it is required to maintain the graphene structure. Chemical 
oxidation of graphite and the subsequent exfoliation provide a 
large amount of graphite oxide monolayer. However, chemical 
treatment generates structural defects which disrupt the elec-
tronic structure of graphene and change it to semiconductive 
(Eda et al., 2008; Stankovich et al., 2007). Such defects can 
be confirmed by characterization by FTIR, x-ray photoelec-
tron spectroscope (XPS), and Raman spectroscopic studies. 
Another disadvantage of this procedure is the high cost of the 
surfactants and solvents.

34.2.2 CharaCterization oF Graphene

Various instruments such as transmission electron micro-
scope (TEM), field emission scanning electron microscope 
(FESEM), energy dispersive x-ray spectroscope (EDX), 
Raman spectroscope, thermogravimetric analysis (TGA), 
Fourier transformed infrared spectroscope (FTIR), and XPS 
(Figure 34.3) can professionally perform the characterization 
of graphene.

TEM and FESEM are used for the morphology and struc-
ture of graphene. The impurities and defects such as carbona-
ceous materials and amorphous carbon coatings are observed 
as black dots inside the body of the sheets or on its surface. 
SEM images provide information about the crumpled mor-
phology of graphene. TEM provides sufficient resolution for 
the graphene diameter distribution; and the ends of the sheets. 
TEM and SEM can characterize the damage to the surface of 
the graphene after chemical treatment.

AFM is used to reveal the thickness of the sheets that might 
be achieved under synthesis conditions. Comparing with a 

pristine graphene sheet that is atomically flat with a well-
known van der Waals thickness of approximately 0.34 nm, 
the GO sheet is thicker. This is because of the presence of 
covalently bound oxygen and the displacement of the sp3-
hybridized carbon atoms slightly above and below the sheet 
surface.

Elemental analyses or energy-dispersive x-ray spectros-
copy (EDS, EDX, or XEDS) is used for the elemental analysis 
or chemical characterization of graphene samples. It is used 
for quantitative representation of the elements, mainly carbon 
and oxygen, presented in the graphene sample that can be 
achieved by EDX measurements. After the oxidation process, 
it is expected that EDX reflect more oxygen on the sample as 
a result of grafting new oxygen-containing functional groups 
on the graphene sheets.

Karl–Fisher titration can also be performed to evaluate 
the acidity of the graphene sheets. The chemical bonding and 
type of functional groups grafted onto the sheets can be per-
formed by FTIR analysis, which provides a direct means to 
observe the interactions occurring at the surface.

In addition, Raman spectroscopy, usually recorded from 
200 to 2000 cm−1, reflects different characteristic spectra for 
sp3, sp2, and sp carbons, as well as for disordered sp2.

X-ray diffraction (XRD) is used in order to ascertain the 
quality and crystalline nature of graphene sheets as opposed 
to amorphous carbon materials.

The XPS survey scan of CNTs is used to reveal the chemi-
cal compositions of the uppermost surface of the sheets. The 
C1s XPS spectrum of oxidized graphene is used to confirm 
the degree of oxidation with four components that correspond 
to carbon atoms in different functional groups: the nonoxy-
genated ring C, the C in C–O bonds, the carbonyl C, and 
the carboxylate carbon (O–C=O). Comparison between the 
intensities of these peaks with the intensities of the peaks of 
reduced graphene (expected to be of less intensities) can be 
used to confirm the success of the reduction.

The 13C MAS NMR spectra of oxidized graphene reveals 
two peaks at 57 and 68 ppm that represent the 13C nuclei in 
the epoxide and hydroxyl groups, respectively and two peaks 
for the resonance at 130 ppm that belongs to the unoxidized 
sp2 carbons of the graphene network, and at 188 ppm presum-
ably arises from the carbonyl groups (He et  al., 1998; Lerf 
et  al., 1998). The disappearance or shift in the position of 
these peaks from the oxygenated and the carbonyl carbons 
can be used to confirm the success of the reduction process 
of graphene.

Surface area analysis can be performed after outgassing 
the graphene samples at 3 mTorr and 150°C for 24 h prior to 
analysis. Some published articles reported surface area mea-
surement of the reduced sheets via nitrogen gas absorption to 
be 466 m2/g (BET value) which is lower than the theoretical 
specific surface area for completely exfoliated and isolated 
graphene sheets (2620 m2/g) (Stankovich et al., 2006, 2007). 
This difference, in the surface area, could be assigned to the 
agglomeration of the graphene sheets, which results in the 
partial overlapping and coalescing of the reduced sheets and 
lowers the surface area of the bulk materials.
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Thermal stability is evaluated by TGA analysis of gra-
phene sheets on sample sizes from 5 to 6 mg, and the mass 
to be recorded as a function of temperature. The samples are 
heated from room temperature to 800°C at 5°C/min. It is also 
recommended that the samples be heated from room tempera-
ture to 800°C at 1°C/min to avoid thermal expansion of the 
graphene due to rapid heating.

The thermal stability of the pristine graphene decreases 
with increasing oxidative functionalization. The decrease of 
the initial burning temperature of the oxide–graphene is closely 
related to the introduction of the defects and functional groups 
upon oxidation treatments. This is attributed to the earlier 
decomposition of the grafted carboxylic groups on the surface.

Electrochemical characterization, like cyclic voltammetry 
galvanostatic charge/discharge, and electrochemical imped-
ance spectroscopy, can be used to evaluate the performance of 
graphene as an electrode for supercapacitors. A two-electrode 
symmetrical cell is constructed with a graphene electrode and 
ionic liquid electrolytes such as 1-ethyl-3-methylimidazolium 
bis(trifluorosulfonyl)imide, [EMIM][TFSI], and 1-butyl-3-me-
thylimidazoliumtetrafluoroborate, [BMIM][BF4], in  acetonitrile 
(Gogotsi and Simon, 2011; El-Kady et  al., 2012; Kim et  al., 
2013). From such tests, important information can be obtained, 
for example, the specific capacitance can be calculated from the 
discharge curve. In addition, resistance can also be calculated.

34.3  SYNTHESIS AND CHARACTERIZATION OF 
GRAPHENE/METAL OXIDE COMPOSITES

34.3.1 SyntheSiS oF G/mo CompoSiteS

Chemical modification of the graphene surface can be 
achieved by various covalent and noncovalent interactions 
with graphene. Figure 34.4 presents the general classifica-
tion of the techniques used for graphene functionalization. 

Covalent functionalization is based on binding of organic 
functionalities such as free radicals and dienophiles on pris-
tine graphene; and attachment through the chemistry of oxy-
gen groups of G. Covalent functionalization can be achieved 
directly or indirectly. Direct covalent is associated with a 
change in hybridization from sp2 to sp3. Indirect covalent 
involves the formation of oxygen containing groups at the 
ends and surface. Noncovalent functionalization and interac-
tions do not disrupt the extended π-conjugation on the gra-
phene surface, unlike covalent functionalization. Noncovalent 
functionalization includes supramolecular complexation 
via adsorption forces, such as Van der Waals force, electro-
static force, and π-stacking interactions; and functionaliza-
tion via surfactants, ionic liquids, and wrapping by polymers 
 proteins–nanotubes interactions.

Graphite is the starting precursor for the synthesis of GO 
which has many oxygen-containing functional groups such as 
epoxy, hydroxyl, carbonyl, and carboxyl groups (Figure 34.5). 
The uniform distribution of oxygen containing sites on the 
surface of the GO sheets facilitates uniform decoration of 
nanoparticles on the graphene sheets.

A growing interest has been evidenced in decorating the 
inorganic nanoparticles with graphene sheets, which is an 
interesting substrate for the immobilization of such nanoparti-
cles. The dispersion of metal oxide nanoparticles on graphene 
sheets potentially provides a way to enhance the catalytic, 
photocatalytic, magnetic, optical, electrical, spectroscopic, 
and other properties (Hassan et al., 2009; Kamat, 2009).

In the following sections, the focus is on the methods of 
preparation where the graphene act as nucleation sites for the 
metal oxides. In the first section, the synthesis of graphene/
MO will be discussed. In the second section, the character-
ization of the graphene/MO nanocomposites using different 
characterization tools will be described with a highlight on 
the interpretation of some experimental data.

34.3.2  CharaCterization oF Graphene/
mo CompoSiteS

The tools used for graphene/MO (G/MO) nanocom-
posites characterization are highlighted in this section. 
Characterization of the as-prepared G/MO nanocomposites 
can be performed by means of high-resolution transmission 
electron microscope (HRTEM), FESEM, EDX, TGA, Raman 
spectroscope, UV–vis spectrometer and FTIR, XPS, and pho-
toluminescence (PL) technique; in addition to electrochemi-
cal techniques. The techniques are complementary. They can 
be used to investigate the chemical and physical properties of 
the nanocomposites.

34.3.3  ClaSSiFiCation oF the methodS 
oF CompoSite SyntheSiS

G/MO composites can be prepared by various methods. 
The methods can be classified into the following catego-
ries: microwave heating, electrodeposition, ultrasonication, 
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dipping-lifting in sol–gel solution, hydrothermal, and chemi-
cal methods (Figure 34.6).

In the microwave heating method, microwave energy uti-
lized for the thermal treatment generally leads to very fine 
particles in the nanocrystalline regime. This method has 
the advantages of shorter synthesis time and highly focused 
localized heating with particle size often falling in the range 
of 15–35 nm (Subramanian et al., 2008). It can be combined 
with the hydrothermal process to ensure a complete reduction 
of GO (Zhong et al., 2011). This method has been employed 
for the preparation of high monodispersity nanoparticles of 
oxides such as SnO2, CeO2, and ZrO2 (Wang and Lee, 2005).

In the electrodeposition method, GO is coated on the sur-
face of an electrode-like glassy carbon. Then the electrode is 
immersed in a metal salt, which is oxidized to metal oxide, 
and the GO is reduced to graphene by cycling the potential. 
This method has the advantages of being a facile procedure 
with mild processing conditions at room temperature and 

offers precise control of the thickness of the resulting film. 
The speed of polymerization can be controlled by the current 
density. This method has been used in the preparation of PbO/
graphene (Ramesha and Sampath, 2011) and ZrO2/graphene 
(Gong et al., 2012).

The ultrasonication method is considered to provide good 
dispersion of graphene sheets in the media of the starting 
solution, which allows a good distribution of the nanoparti-
cles on the graphene surface. This method has been reported 
for the synthesis of Mn3O4/graphene nanocomposites (Wang 
et al., 2011). The dipping-lifting in sol–gel solution method is 
utilized for the preparation of layer-by-layer inorganic struc-
ture/graphene (Li et al., 2011).

In hydrothermal methods, the GO is dispersed in aqueous 
media in the presence of a dispersion agent and with the help of 
ultrasonication. Then the solution of the metal ion precursor is 
added into the dispersed GO (Figure 34.7). An example is the 
use of this method to prepare a GO/ZnO composite where the 
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GO solution is mixed with 2 mL of 0.1 M of Zn(OH)2 prepared 
from 2.75 g of (Zn(CH3COO)2 ⋅ 2H2O) and 1 g NaOH dissolved 
in 25 mL of 25% ammonia at pH ~ 10. This is followed by stir-
ring in an oil bath at 60 ± 2°C to obtain a cloudy dark brown 
liquid. This is followed by hydrothermal treatment for 24 h at 
180°C. The final steps are washing with deionized water and 
ethanol, and then drying at 60°C (Marlinda et al., 2012). This 
method has been also reported for the synthesis of CuO/gra-
phene (Mai et al., 2011), NiO/graphene (Kottegoda et al., 2011), 
and FeS2/graphene nanocomposites (Golsheikh et al., 2012).

Hydrothermal synthesis is an efficient method for the syn-
thesis of nanocomposites under controlled temperature and 
pressure, which overcomes the drawbacks of long reaction 
times compared to conventional aqueous chemical process-
ing conditions (Zakarya et al., 2010). It is carried out in an 
autoclave, which is a closed system, so raising its tempera-
ture increases the pressure inside the vessel above the critical 
pressure for water, which enhances the dissolution of thermo-
dynamically unstable compounds. The high heat energy and 
pressure in the autoclave facilitates fracture off the macro-
nucleus to form nanosized particles (Haw et al., 2010).

In situ reduction of precursors onto GO sheets is consid-
ered a simple method for the synthesis of graphene nanocom-
posites. The oxygen containing groups on graphene act as 
scattering centers and alter the sp2 in-plane bonding, thereby 
reducing the optical and electrical properties of graphene. 
This method facilitates the regaining of sp2 aromaticity by 
reducing these functional groups via chemical reduction with 
reducing agents like hydrazine, hydrothermal reduction (Pan 
et  al., 2012). Some examples are discussed here to explain 
some of these approaches.

The GO/Cd composite has been reported to be synthe-
sized by a wet chemical method. In this procedure, cadmium 
acetate and thiourea [SC(NH2)2] were the chemicals used 

to synthesize CdS nanoparticles. The first step involves the 
addition of 100 mg of GO to dehydrated ethanol, followed by 
ultrasonication for 1 h to obtain a homogeneous dispersion of 
GO. This is followed by the addition of 0.05 mol of cadmium 
acetate and 0.05 mol of thiourea, under stirring. After heating 
at 60°C for 4 h, the precipitate was washed with ethanol and 
water, and filtered. The final step involves the filtration and 
drying in a vacuum oven at 60°C for 12 h, followed by calci-
nation at 250°C for 5 h (Kaveri et al., 2013).

Another example of chemical synthesis is the preparation 
of graphene decorated by titania nanoparticles by the attrac-
tion of positively charged metal ions by the polarized bonds of 
the functional groups on the GO. The attachment of the tita-
nia to the surface and edges of the graphene sheets results in 
the formation of nucleation sites for the growth of nanostruc-
tures on the sheets. In this hybridization between G and Ti2+, 
the functional groups on the surface of the sheets first attach 
the Ti2+ ions to the surface. This is followed by the reaction, 
in an alkaline condition, to form titania nanoparticles on the 
sheets where the polar oxygenated functional groups on the 
sheets serve as anchoring sites for the nanoparticles prevent-
ing agglomeration. We successfully developed the titania/gra-
phene nanocomposite. As has been discussed, various tools 
can perform the characterization. An example is the FESEM 
image of the G/TiO2 nanocomposite (Figure 34.8). The image 
confirms the morphology and microstructure of the G/TiO2 
nanocomposite. It shows clearly the titania nanoparticles on 
the G surface and ends. The presence of titanium oxide on 
the surface was also confirmed by the EDX spectrum. Figure 
34.9 depicts the quantitative analysis of the nanocomposite. It 
confirms the presence of carbon, oxygen, and titanium. The 
results of the quantitative analysis are depicted in the inset of 
Figure 34.9. The SEM image in this figure shows the size of 
the selected sample area from which the EDX was obtained. 
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It should be noted that the sample area was large in order to 
obtain a representative quantitative analysis.

The XRD pattern of the composite confirms the presence 
of a titania–anatase phase. The peak at 25.8° corresponds to 
the anatase (101) reflection plane at 2θ = 25.3°. The peak at 
about 2θ = 54° corresponds to the (105) reflection. The peaks 
in the XRD pattern at 37.80 (004) and 48.18 (200) clearly 
represent the anatase phase (Reyes-Coronado et  al., 2008). 
Therefore, anatase constitutes the major crystal form in the 
composite (Figure 34.10).

TGA curves are also used to confirm the successful decora-
tion of titania on GO. In the TGA curve (Figure 34.11), the sam-
ple weight loss up to 100°C can be assigned to the re-sorption of 
physisorbed water. The weight loss between 200°C and 300°C 
could be a result of the decomposition of labile oxygen groups 
such as carboxylate, anhydride, or lactone groups. The loss 
between 300°C and 500°C could be associated with the removal 
of more stable oxygen groups such as phenol, carbonyl, and qui-
nine. High temperature pyrolysis of carbon skeleton occurred 
above 500°C. The percentage of weight loss decreased with 
the hydrothermal temperature indicating that the sample had 
the least amount of labile oxygen-containing functional groups 
attached to the surface (Chang et al., 2012; Shen et al., 2011).

Some of the other methods make use of organic spacers, 
like octadecylamine, to anchor the metallic nanoparticles to 
the graphene surface or organic solvents such as tetrahydrofu-
ran, methanol, and ethylene glycol (Muszynski et al., 2008). 
Further methods are based on in situ synthesis or simul-
taneous reduction of GO and metal ions, which allows the 
controlled growth of nanoparticles on the graphene surface 

with precursors of the metallic molecules. This step is fol-
lowed by the addition of reducing agents and reducing G at 
the same time. For example, Au/graphene nanocomposites 
were prepared by in situ synthesis, in the presence of oxygen 
functional groups at G. This is considered fundamental for 
the nucleation and growth of gold nanoparticles (Goncalves, 
Marques et al., 2009, 2010).

FIGURE 34.8 Field emission scanning electron microscope 
(FESEM) of G/titania nanocomposite.
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34.4 CONCLUSION

In this chapter, we have demonstrated various methods 
for the fabrication of graphene and G/MO nanoparticles. 
Methods for the fabrication of graphene are classified into 
three types; exfoliation and cleavage of graphite, CVD, and 
chemical derivatives. Methods for the fabrication of G/MO 
nanocomposites are classified into directly or indirectly 
covalent functionalization and noncovalent functionaliza-
tion. The latter is achieved by supramolecular complexation 
via forces, such as Van der Waals force, electrostatic force, 
and π-stacking interactions; and functionalization via sur-
factants, ionic liquids, and wrapping by polymers proteins–
nanotubes interactions. Several tools including HRTEM, 
FESEM, EDX, thermogravimetric analyzer, Raman spec-
troscope, UV–vis spectrometer and Fourier transformed 
infrared spectroscope, XPS, PL technique, and electro-
chemical techniques, can be used to characterize the chemi-
cal and physical properties of graphene and graphene-based 
composites.
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Hydrogenation and fluorination of graphene models: Analysis via the average local ionization energy. J. Phys. Chem. A, 116, 8644–8652. 
Copyright 2012 American Chemical Society.) (c) Structures of larger graphane-like H clusters on graphene on Ni and Pt surface, and on 
freestanding graphene at various % of H coverage. On freestanding graphene, H atoms attached from below (above) are shown in yellow 
(red). Binding energies per H atom are given in eV using M06-L and PBE. (d) Binding energies per H atom as a function of coverage for 
graphane-like H clusters (connected dots) and ortho-dimers (stars) on graphene adsorbed on Ni (left) and on Pt (right). The two series shown 
are calculated with M06-L (black line) and PBE (dashed gray line)). ((c) and (d) Reprinted with permission from Andersen, M., Hornekær, 
L., and Hammer, B. Graphene on metal surfaces and its hydrogen adsorption: A meta-GGA functional study. Phys. Rev. B, 86, 085405-
1–085405-6. Copyright 2012 by the American Physical Society.)
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FIGURE 27.11 (a) Configuration of six mechanochemical internal coordinates (MICs) related to two deformation modes of graphane and 
graphene (5,5) nanosheet. White and gray spheres represent hydrogen and carbon atoms in equilibrium position. Edge carbon atoms are 
terminated by two and one hydrogen atoms for graphane and graphene, respectively. Atoms marked in blue are excluded from the optimiza-
tion procedure. (b and c) Stress−strain relationships for graphene (black dots) and graphane (gray dots) (5,5) nanosheets subjected to tensile 
deformation related to (b) ac and (c) zz modes at the first stages of deformation. (d and e) Energy–strain responses for armchair, zigzag, and 
biaxial strains of (d) graphane and (e) graphene. ((a–c) Reprinted with permission from Popova, N. A. and Sheka, E. F. Mechanochemical 
reaction in graphane under uniaxial tension. J. Phys. Chem. C, 115, 23745–23754. Copyright 2011 American Chemical Society; (d and 
e) Reprinted with permission from Peng, Q. et al. A theoretical analysis of the effect of the hydrogenation of graphene to graphane on its 
mechanical properties. Phys. Chem. Chem. Phys., 15, 2003–2011. Copyright by the Owner Societies 2013.)
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