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Preface

The graphene-based nanomaterials have been developed due to
their potential and immense interest in areas such as science,
engineering and technology. The graphene-based nanomaterials
include graphene derivatives, graphene-supported inorganic
nanomaterials and thin films, graphene-metal-decorated
nanostructures, core-shell structures of nanocarbon-graphene
and graphene-doped polymer hybrid nanocomposites, etc. These
graphene-based nanomaterials have been prepared by various
methods such as exfoliation of graphite, chemical vapour deposition,
chemical reduction of graphene oxide, catalysis, sono sol-gel route,
in-situ hydroxylation, silver mirror reaction, reduction methods,
hydrothermal methods, electrochemical methods and ex-situ
methods. The graphene-related nanomaterials are ideal templates
due to their attractive properties and also made them and useful as
functional materials in biomedical, electronics, optics, energy-based
products, gas sensing, ion exchange and molecular adsorption.

This book provides a basic overview of the recent advances in
graphene-based nanomaterials including their fabrication, function-
alisation, surface modification, properties and their potential appli-
cations. The book, deals with novel approaches for preparation of
graphene-based nanomaterials which will boost both product- and
process-oriented industrial research. It will also be helpful to scien-
tists, research scholars, post-graduate and under graduate students.

Satyendra Mishra
Dharmesh Hansora
Fall 2017
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Chapter 1

Introduction

Nanotechnology has blossomed since more than two decades and
also it has proved its importance useful in potential areas [1-18].
Nowadays, graphene is a emerging star and also a new paradigm
of relativistic condensed-matter physics and material science. The
graphene’s discovery is an important addition, which has been
considered as a world’s thinnest material. Graphene’s derivatives
play a significant key role in modern life [19]. The fundamental
breakthroughs towards the physical understanding of graphene and
graphite were already discussed in the 1940s and 1950s [20, 21].

1.1 Discovery of Graphene Nanomaterials

The word graphene is originated from the Greek word “Graphein”
that means to write. Earlier research, focusing on preparation and
fundamental properties of nanocarbons (e.g. epitaxial graphene
films, nanoribbons and nanopatches), provides a basic fundamental
knowledge. Graphene’s research has been successfully capitalised
after its first revolution by Novoselov et al. [19, 20, 22, 23] in 2004.
Graphenes, being an intriguing or evolution from of 2-dimensional
(2D) to 3D topology, have potential properties. These 3D materials
can be functionalised by the substituting the carbon atoms with
heteroatoms or entire functional groups [19, 21, 24-28].
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Graphene is a layered structure or a one-atom-thick planar
nanosheet of sp?-bonded carbon atoms packed in a honeycomb
crystal lattice [29] or multi layers of carbon atoms that are densely
packed into benzene rings stripped of their hydrogen atoms. This
2D nanocarbon-based conducting nanomaterials (NMs) have
exceptional characteristics like electronic property, physical
properties, chemical tunability and high crystal quality. Graphene’s
research has already shown a profusion of new physics and their
potential applications [30]. Graphene is a structural parent of all
carbon allotropes including graphite, fullerenes, carbon fibres,
nanobuds, nanorings, single walled carbon nanotubes (SWCNTs),
double walled CNTs (DWCNTs) and multi-walled CNTs (MWCNTs)
[19-21]. Graphene sheets have types which include single-layer,
bilayer and few-layer (<10). Kuilla et al. [25] reported about
single-layer graphene sheets and 2D carbon crystals. Functional
nanocomposites and nanohybrids of graphene sheets have been
researched since past decade. The scientists have synthesised
graphene-based nanohybrids with various nanostructures that can
be engineered by incorporating dissimilar nanoaparticles (NPs) in a
composite form. The various forms of carbon (e.g. diamond, graphite,
fullerene, CNTs, graphene and their derivatives), chemically stable
metal NPs (e.g. gold, copper), metal oxides NPs (e.g. alumina, silica,
zirconia, titania), oxide ceramics (e.g. Al,03, CuO), metal nitrides (e.g.
AlN, SiN), metal carbides (e.g. SiC), and functionalised NPs. Graphene
has already shown an effective support for the nanostructures and
defective carbon sheets. Controlled and easily tunable NPs are
used for the rational design of new functional materials and also
for the development of quite powerful model systems for different
applications. The graphene-based hybrid nanostructures are known
to be used for improvement in characteristic properties of the
composites.

This chapter provides a basic overview of graphene-related NMs.
The primarily emphasis is on the different synthetic strategies that
have been pursued so far for the preparation of graphene-based
inorganic NPs and graphene-doped polymers, as well as the their
concerted effect of the properties of the new hybrid functional
NMs-based individual components that will present the special
features for potential applications. The prospective applications of
these graphene-based hybrid NMs will be presented [61-63] in next
chapter.
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1.2 History of Graphene

Graphene is a thermodynamically stable form of carbon NMs and
extremely intriguing composition of two individual sp?-hybridised
carbon sheets. Scientists have focused to develop hybrid systems
made of chemically modified graphene and 3D systems based on
the graphene sheet assemblies. Germ and his co-workers, in 2004,
observed a single-layer graphene made of atomically thin carbon
film, which has received increasing attention and becomes a rapidly
rising star on the horizon of materials science and condensed-matter
physics [31]. Graphene possesses useful properties such as high
values of Young's modulus (~1.1 TPa), a large theoretical specific
surface area (2630 m?/g), and excellent thermal conductivity
(~5000 W/m-s). In addition, transport phenomena of graphene
has been also reported well, indicating mass less Dirac fermions,
a bipolar field effect, room-temperature quantum Hall effect, etc.
These performances of graphene family members have attracted
important concern in recent years increasing impetus in the field
of scientific and technological. These peculiar properties have been
harnessed among the numerous methods, and one possible route
is to incorporate graphene sheets into hybrid nanocomposites. The
easy and low cost synthesis, and also non-toxicity of graphene make
it as a promising candidate for technological applications [31-63].

1.3 Types of Graphene-Related Advanced
Nanomaterials

1.3.1 Graphene-Based Derivatives

Graphene-based carbon NMs [28, 64, 65] mainly include (i) graphene
oxide (GO), (ii) doped graphene (iii) derived graphene nanoribbons
(GNRs), (iv) graphane, (v) fluorographene, (vi) graphyne (vii)
graphdiyne, (viii) graphone and (ix) porous graphene. Graphene is
a semimetal with zero band gap, i.e. conduction and valence bands
meet atthe Dirac point. A zero band gap can be easily tuned by doping
and cutting the 2D graphene into form of 1D GNRs [20, 66]. GO is an
oxidised and functionalised derivative and it has been reported as
hydrophilic material because it has ability of water dispersion. GO

3
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adheres on interfaces due to its lower interfacial energy, so it has
been widely used as surfactant for emulsification of organic solvents
in water. It has been used for the dispersion of insoluble graphite
and CNTs in water. This capability strengthens it for development
of graphene and P-conjugated systems-based functional hybrid
NMs [66, 67]. Graphane is hydrogenated form of graphene sheet.
It is a non-magnetic semiconductor having an energy gap due to
hydrogenation. Graphane is a hydrocarbon with a stoichiometry
formula unit of CH, i.e. extended 2D polymer form of carbon. It
generally adds a wealth to the carbon-based NMs useful for hydrogen
storage and nanoelectronic applications. Generally, the hydrogen
atoms alternate the directions along with the graphane sheet and
transform the carbon lattice from sp? to sp? hybridisation. Graphane
can be easily transformed back into original graphene sheets by
annealing process. Fluorographene, with stoichiometric formula of
CE is an another important structure of graphene. Fluorographene
has a geometric structure and sp3 bonding configuration similar
to graphane with each carbon attached to one fluorine atom.
Fluorographene has been used as a solid lubricant for developing
the batteries under extreme conditions. Graphyne and graphdiyne
are another non-natural carbon allotropes, which have better
potential than graphene due to their unique structures, electronic
and intriguing properties. Graphyne is a one-atom-thick planar sheet
of sp- and sp?-bonded carbon atoms arranged in a crystal lattice
form. Graphydine has acetylenic linkages connecting the hexagons
of graphene. Graphone, is known as a semi-hydrogenated derivative
of graphene, having stoichiometric formula of C,H [65]. In graphone
structure, hydrogen atoms are attached on either side of the carbon
sheet and graphone is also known as a hybridised mixture of sp? and
sp3 carbon atoms. A porous graphene is a another new class of light
weight carbonaceous material. It has a distributed structure within
the covalent p-electronic framework of graphene sheet.

1.3.2 Graphene-Based Nanocomposites and
Nanohybrids

Pristine graphene sheets are hydrophobic material, and it is also
insoluble in most of the solvents. The processing of graphene
composites is related to foremost with the solubilisation of
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graphene. The different functional groups can be attached to the
carbon backbone by chemical modification, covalent, or noncovalent
functionalisation for improving the solubility of graphene, e.g.
graphene-metal-decorated nanostructures, graphene-supported
inorganic NMs hybrid nanofluids and films, core-shell structures
of nanocarbon-graphene and graphene doped polymer hybrid
nanocomposites etc. The graphene nanocomposites developed using
metal (e.g. Au, Ag, Pd, Pt, Niand Cu) NPs possess advanced properties.
Graphene and their derivative NMs have been decorated using
metal semiconductor NMs such as metal oxides and dioxides and
metal sulfides. The different types of graphene-based nanohybrids
materials are discussed below, which have been researched and
ported till date [31, 34, 41, 56, 61-63, 68-70].

1.3.2.1 Hybrid nanofluids

Sarkar et al. [61] reported various hybrid nanofluids which can
be prepared in water, oil and ethylene glycol etc. Graphene-based
hybrid NMs (nanohybrids of CuO/f-graphene, Ag/f-graphene/f-
MWCNTs and GO/MWCNTs/Ni) are also prepared in water due to
their ease of solubility [31, 56].

1.3.2.2 Graphene-metal NP-based hybrid composites

Recently, various metals, metal oxides and semiconducting NPs have
been incorporated into the graphene 2D structures for development
of bulk graphene-NPs hybrid nanocomposites, which include
materials like GO/RGO hybrid 2D nano structures [34, 41, 46, 54,
56].

1.3.2.3 Core-shell hybrid nanostructures

The graphene-based core/shell nanostructures have been used in
advanced functional NMs, e.g. hybrids of Sn0O,/graphene. The Sn0O,
was used as core material and prepared by high temperature reflux
using SnCl,, H,0 and PEG, while GO were used as shell NMs prepared
by reduction method [51].

1.3.2.4 Next-generation hybrid nanomaterials

A research on graphene, nowadays, is mainly pushed by the very
active materials, which has progressed into next generation graphene
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base NMs. This can be divided into two main categories [32]. First,
a next generation graphene-based NMs are chemically modified
graphene (CMG) sheets composed of graphene and carbon atoms
that are replaced by other atoms (N, B, S, P) or entire functional
groups. Second, 3D graphene architectures (3DG) assembled by
graphene or CMG sheets together forming a 3D interconnected
networks of complex nano-objects like crumpled papers, hollow
spheres and capsules etc.

1.4 Recent Progress in Graphene-Related
Advanced Materials

Scientists have focused more on complex systems like modified
graphene and 3D assembly of graphene sheets. Graphene has
sensation with half-integer quantum Hall effect and ballistic electron
transport [19]. This 2D NM consists of a single layer, but the few-
layer graphenes has been one of the interest to be investigated. The
research has also led for development of next generation graphene-
based NMs such as modified graphene (C atoms replaced by N, B,
S, P atoms) and architectures of 3D graphenes (e.g. nanospheres,
nanocapsules, nanopapers, nanolayers) [24, 29]. Graphene NMs
have attracted scientific interests (both academic and industrial)
because these can improve the properties of nanocomposites.

1.4.1 Graphene-Based Disruptive Technologies: An
Overview

Technologies can be advanced either by scaling the size and number
of transistors on a chip or by transition from vacuum tubes to
semiconductor technologies. Lots of improvements are needed
in order to become disruptive technologies which are usually
characterised by universal, potential and versatile applications. The
more universal technology enhances the chances for broad base
success. So the inherent novelty associated with graphene-based
NMs, an initial roadmap can be envisaged, including short-term
milestones and medium- to long-term targets. This could direct the
possible transition to a technological platform of graphene-related
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NMs, which can generate the many opportunities in different fields
and benefits to the society [61].

1.4.1.1 Opportunities

The graphene-related NMs have a major impact in several
technological fields, because of their potential properties enabled
them for new applications, e.g. (i) electronic applications such
as high-frequency devices, touchscreens, flexible and wearable
devices, ultrasensitive sensors, superdense data storage, nano-
electromechanical systems (NEMS) and photonic devices, (ii) energy
field applications such as batteries, supercapacitors (SCs), solar cells
to store and transport electrical power. Graphene’s most appealing
potential lies light transmittance ability as well as electricity, which
can improve the performance for light emitting diodes (LEDs),
flexible touchscreens, photodetectors and ultrafast lasers.

1.4.1.1.1 New opportunities for electronics

More functions in integrated electronics can enable their applica-
tions for distributed sensors, actuators and controllers, office au-
tomation and environmental control to meet the social request for
better safety, health and comfort. An increase in automation should
be considered by people at work, the aging population and the need
of adequate facilities. Sensors and metrological devices based on gra-
phene-related NMs can extend the functionalities of hybrid circuits.
An integration of 3D graphene-related NMs-based devices would be
the solution for low cost chips with extended functionalities [61].

1.4.1.1.2 New energy solutions

The graphene-based NMs have emerged as new solutions for
energy storage and generation, nano-engineered products, etc.
The graphene NM-based systems for applications of energy
production (photovoltaics, fuel cells), energy storage (SCs, batteries
and hydrogen storage) have been prepared via proof of concept
demonstrators that will progress towards the targeted technology
readiness levels (TRLs). These TRLs are used for commercialisation
and to assess the maturity of technologies during their development
[61].

7
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1.4.1.1.3 New technologies and materials: Towards a novel
technological platform

The graphene-based NMs enable the emergence of new technologies
after improvement in technologies of existing electronics and
optoelectronics. The properties of graphene-related NMs enable
technological concepts with a qualitatively different physics as
compared to the other materials [61].

Graphene is an engineering NM, and ideal candidate for many
applications that have also been realised [71-74]. The “all-surface”
nature of graphene can tailor its properties by surface treatments,
i.e. chemical functionalisation. The graphene can be easily converted
into a band-gap semiconductor hydrogenated graphene and
“graphane” [71] or into an insulating fluorinated graphene, or
“fluorographene” [72]. Graphene flakes can be easily dispersed [73]
into solvents and these dispersed graphene flakes possess their
outstanding properties, so they can be embedded in a polymeric
matrix for the realisation of nanocomposite materials [74, 75] with
improved performance [73-75].

At present, an electronic device such as a mobile phone requires
the assembly of a various components. The graphene-related
NMs, with many characteristic properties, offer a comprehensive
technological platform for different device components such as
transistors, batteries, optoelectronic components, ultrafast lasers,
photodetectors, photovoltaic cells and bio- and physicochemical
sensors. This change in the paradigm of device manufacturing create
opportunities for the development of new industries.

1.4.1.2 Scientific output

The graphene-related NMs are suitable examples of an emerging
nanotechnological materials, which can be discovered in research
laboratories and commercialised into products and devices. The
rise in patents since 2007 by various corporations around the
world is one of the evidence. The translation of nanotechnology is
associated with biomedicine sectors [76], where clinical studies and
basic research are well linked up. A giant magneto-resistance [77],
which has been moved from an academic and research discovery to
a dominant information storage technology in very short time [78].
Similarly, graphene-related NMs have shown a potential and effective
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impact, e.g. integrating the graphene-related NM-based components
with Si-based electronics allow not only substantial performance
improvements but, also more importantly, new applications.

Graphene’s research has already emerged in area of materials
science. However, due to the unique structures of graphene, many of
the possibilities need to be explored and well understood, as a result
their analysis requires highly sophisticated methods. According to
Nobel Laureate Frank Wilczek’s quote: graphene is only the probable
system from which ideas from quantum field theory can lead into
patentable research innovations [76].

1.4.1.2.1 Intellectual property landscape analysis

In the graphene’s research area, there has been a particularly rapid
increase in patent publication activity since around 2007 [79]. This
patentable activity is generally driven by major universities and
industrial corporations in South Korea and USA [80]. A high level of
patent submitting and filing activity in China is also reported [81].
These trends have pushed academians, researchers and scientists
towards graphene innovations arising in Europe that are being
exploited [82]. An analysis of the Intellectual Property (IP) gave the
evidence, i.e. Europe is a significant foothold in the patent landscape
in the area of graphene research and also secured it’s value. As the
underlying space of graphene technology develops the patent of
graphene-related NMs landscape matures. The redistribution of the
patent is inevitable and Europe is taking benefits from patent-based
commercialisation of graphene-related NMs. This is the indication of
high levels of the graphene patent landscaping which is now growing
rapidly in sub-segments of the semiconductor and biotechnology
industries [83]. The active business of patenting in such sub-sectors
include ‘portfolio of maximisation and optimisation’ [83] strategies,
and the sub-sectors experience the development of ‘patent thickets’
[83], or multiple overlapping granted patent rights [83].

The IP analysis, shown in Fig. 1.1, clearly highlights the disparity
between graphene-related NMs scientific production (number of
publications), graphene-related NMs associated with technical
exploitation (patent applications), which provide an evidence
indicating requirement to bring leading researchers of academia (for
scientific publications) and industrial leaders (patent applications)
together.
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Figure 1.1 Publications on graphene from 2000 to August 2014. Reproduced
with permission from Ref. [61] under Creative Commons Attribution.

1.4.1.2.2 Graphene IP landscape analysis

Figure 1.2 clearly indicates that the global IP activities on graphene-
related NMs have surged since 2007, mimicking the trend in research,
which is also an evidence that research investment is fuelling rapidly
for growth of graphene technology.

Number of graphene patents: Annual and
cumulative
mmm Number of new applications ——Cumulative
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4000 —~ 14000 °
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2 2500 /
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3 6000
£ 1500
® 1000 4000

500 i'/ 2000

0 .-—E'/E/ I 0

Figure 1.2 Patent applications on graphene-related NMs as a function of
application year. Accordingly, 2013 and 2014 are under-represented. Data
updated as of July 2014. Reproduced with permission from Ref. [61] under
Creative Commons Attribution.

Patents: Cu

A review on the patent dataset indicates that patents have been
filed for different applications including characterisation [84],
polymer composites [85], transparent displays [86], transistors [87],



Scientific and Technological Objectives

capacitors [88], solar cells [89], biosensors [90], conductive inks [91-
93], windows [94], saturable absorbers [95], photodetectors [96]
and tennis rackets [97]. Overall, the space on patent of graphene’s
research comprises of mainly in synthesis (like chemical vapour
deposition and exfoliation) area and electronics (like transistors,
displays and computer chips) area.

1.5 Scientific and Technological Objectives

Ferrari et al. [61] summarised the objectives towards the develop-
ment of graphene-related NMs and hybrid systems-based products.
These graphene-related NMs are combination of properties required
for many applications, generating new products. The creation of dis-
ruptive technologies is conditional to reach various objectives and
also to overcome several challenges throughout the value chain,
from materials to components and systems.
The scientific and technological objectives mainly include:

(A) Technologies for materials:
o Identification and analysis of new layered materials.
e Reproducible, reliable, sustainable, safe, large scale
production of graphene-related NMs, that can satisfy the
needs for different areas of applications.

(B) Technologies for components:
o Identification of new concepts for device enabled by
graphene-related NMs.
e Identification of technologies for component based on
graphene-related NMs.
e Electronic technologies comprising of high-frequency
electronics, spintronics, optoelectronics and sensors.

(C) Systems integration:

e Routes and protocols to bring graphene-related NMs-
based components and structures into systems that can
provide new functionalities and application areas.

e New concepts for integration of the graphene-related
NMs in platforms of existing technology.

e Integration routes of nanocomposites for flexible
electronics and energy applications.

11
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The science and technology roadmap (STR) indicates the principal
routes for development of graphene-related NMs and therefore
their production for development of new devices. A main key area
is advanced methods for production of graphene-related NMs, with
structural functions for embedded electronics in an environmentally
sustainable manner. The STR of the graphene-related NMs explores
beyond mainstream to novel sensor applications and composites
that can take advantage with chemical, biological and mechanical
properties.

Graphene’s large surface area and high electrical conductivity
make it a novel material for energy storage applications such as
advanced batteries and SCs. These energy-based applications have
an impact on portable electronics and electric cars. The prospect
of rapidly chargeable light weight batteries will give environment
friendly transportation, i.e. the implementation of electric cars in
urban and suburban areas. Strong and light weight composites are
useful to build new cars, airplanes and other structures utilising less
material and energy, and hence these could contribute directly to a
more sustainable world (see Fig. 1.3).

High speed Transistor Conductive ink
RFIC, Sensor EMI screen ink

Flexible Display

Solar cell, Battery
Supercapacitor

Automobile
Air plane components

Figure 1.3 Overview of applications of graphene in different sectors.
Reproduced with permission from Ref. [61] under Creative Commons
Attribution.
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1.6 Conclusion and Perspectives

In this chapter, the synthesis, characterisation, and implementation
of graphene-related NMs have been discussed for a host of potential
applications. While numerous excellent reviews have been already
reported which cover synthesis, characteristic properties, and
potential applications, of graphene-related NMs and also their
implementation into specific applications. We present here
complex review of past research work done covering all modes and
synthesis methods for graphene-related NMs including hybrids,
nanocomposites, nanostructured materials, their characteristic
properties, their utilisation for potential applications. This chapter
will inspire and initiate the interest from various interdisciplines as
well as highlight an upcoming field wherein graphene-related NMs
will bring significant advantages to a wide variety of applications.

In this chapter, we also outline and try to summarise research
progresses of nano-engineering of the graphene-related NMs.
However, there are several key issues to be resolved for the future
development on the graphene nano-engineering.
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Chapter 2

Fabrication, Functionalisation and
Surface Modification

In this chapter, we discuss fabrication, functionalisation and
surface modification of graphene and related NMs. We have briefly
described the primary methods to synthesise the graphene, GO and
RGO followed by an in depth analysis of the various methods for the
synthesis of graphene-NP hybrid nanostructures and graphene-
encapsulated hybrid NPs, with particular emphasis on the surface
morphological properties and characteristics.

2.1 Preparation Methods

A valuable and significant efforts have been carried out for
synthesizing the graphene, its derivatives and related NMs due to
their many unique and advantageous characteristics properties.
Graphene-based hybrid NMs are classified into two categories
depending on their structural morphology: (i) graphene-NP
composites made of NPs grown or decorated on graphene sheets
or their derivatives and (ii) graphene-encapsulated NP composites
made of NPs wrapped by graphene and their derivatives. The size
ratio or aspect ratio is the main difference between the lateral
dimensions of the graphene sheets and the diameter of the NPs. The
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diameter of the NPs ranges from few to hundred nanometers and
these NPs can be decorated onto the graphene sheets because they
are small in comparison to the sheets and form graphene NP-based
hybrid composites. A larger size NPs become more comparable with
the graphene sheets, the small 2D graphene sheets can be wrapped
around the NPs resulting in graphene-encapsulated hybrid NPs.

2.1.1 Synthesis Methods of Graphene-Related Carbon
NMs

2.1.1.1 GO and graphene sheets

A most widely used precursor of graphene is GO [1], which has 150
years of history as single-layer sheet, and it has received scientific
interest of chemists as an oxide-functionalised derivative of
graphene [2]. GO can be mass-produced by the first-step chemical
oxidation of natural graphite and the subsequent exfoliation.
Graphite oxide is produced by reacting graphite with strong
oxidising agents in aqueous form. Three oxidation methods are in
use: Brodie [3], Staudenmaier [4] and Hummers [5] methods. The
oxidation reaction generally breaks the long-range m-m conjugation
present on the surface of the original graphite and which could
form sp? graphitic domains surrounded by disordered sp3-oxidised
domains with various oxygen functional groups, including epoxides,
quinine, ketone, hydroxyls (-OH), carbonyls (-C=0) and phenol.
This is because oxygen-containing functional groups reduce the
interlayer forces, impart strongly hydrophilic character and, as a
result, facilitates the chemical processing of graphite oxide in the
solution to exfoliate into individual GO sheets via ultrasonication
and either stirring or rapid heating [6].

GO can also be prepared by the direct oxidation of free-standing
or epitaxial graphene by using atomic oxygen in ultra-high vacuum
conditions [7, 8] by exposure to molecular oxygen [9-12] or ozone
[13] under high temperatures, by the photochemical reaction
in the presence of ultraviolet light and ozone [14, 15], and also
by electrochemical oxidation in nitric acid under potentiostatic
conditions [16, 17]. Theoretical studies on graphene-oxygen
interactions are mainly focused on the oxidation process between
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the free-standing graphene and reactive O atoms or O, molecules
[18-20]. The oxygen chemisorption on graphene generally forms
the epoxy (1,2-ether) groups, which is predicted to be associated
with the unzipping of CNTs or graphene sheets [21, 22]. Under
a directional flow, the GO sheets can be reassembled into free-
standing large sheets and foil-like material also called GO paper
[23]. This GO paper outperforms other traditional clay- and carbon-
based materials in strength and stiffness. GO is a soft material, and
its mechanical strength is lower as compared with pristine graphene
[24], but possesses great strength (prestress of 76.8£19.9 MPa for
an assigned 0.7 nm thickness and Young’s modulus of 207.6+23.4
GPa), thus proving itself for great potential in fabricating composite
materials [25, 26]. GO layers are insulating or semiconducting at a
large length, but also depending on the degree of oxidation, so the
electronic and optical properties can be controlled by the removal
or addition of oxygen-containing groups to produce the semimetal
graphene sheets. The tunable optoelectrical properties of GO grant
the prospects for using in the field of electric and optical devices
[27, 28], spintronic devices [29], catalysts [30-33], SCs [34, 35],
electrode materials [36], and chemical or biological sensors [37].

Various synthesis methods for graphene have been reported such
as (i) catalytic chemical vapour deposition (CCVD) or microwave CVD
[38-52], (ii) arc-discharge method [38, 44, 45], (iii) micromechanical
exfoliation [38, 41, 43, 45-47, 53-57], (iv) epitaxial growth on SiC
[38-47, 50, 52], (v) chemical reduction [38, 43, 47, 50, 55, 50-58],
(vi) thermal reduction [38, 40, 44], (vii) liquid-phase exfoliation
[38, 40, 45, 46, 54-57], (viii) unzipping of CNTs [51] and (ix) gas
phase microwave plasma reactor [38]. As discussed earlier, the
oxidation of graphite for synthesis of GO includes various methods
such as Brodie, Staudenmaier and Hummers. The first two methods
use combination of oxidants such as KClO; with HNO;, while the
Hummers method involves combination of KMnO, and H,SO,.

A chemical reduction method using reducing agents such as
hydrazine, hydroquinone, sodium borohydride and ascorbic acid
was reported for the preparation of GO [46, 58]. Derivatives of
graphene, i.e. graphyne, have been synthesised using dehydrobenzo
annulene, while graphdiyne (graphyne with acetylene group) was
synthesised via cross-coupling reaction using hexaethynyl benzene
on copper substrates. Another important derivative of graphene,
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graphone, was prepared by applying pressure onto boron, nitrogen
and hydrogenated graphene sheets, so that nitrogen could pick
hydrogen easily from graphene sheet. On releasing pressure, the
dehydrogenated graphene sheet is formed with all hydrogen atoms
on the one side. Another derivative graphane was synthesised by
the annealing of graphene crystals at 573 K in the presence of an
argon atmosphere. These graphene crystals were exposed to cold
hydrogen plasma and then allowed to pass from hydrogen-argon
mixture at low pressure for 2 h. A scalable method for hydrogenation
of graphene to form gram quantity of graphane has also been
reported, which includes thermal exfoliation of GO without plasma
source and in the presence of hydrogen atmosphere at 6000-15,000
KPa pressure and 493-823 K temperature. Thus, it can be a potential
candidate for mass production [59].

Graphene sheets can be obtained using three primary methods:
(i) mechanical exfoliation, (ii) CVD onto metal or Si substrates, and
(iii) chemical, electrochemical or thermal reduction of GO (Fig. 2.1)
[60]. The CVD method is most effective for the mass production
of graphene and can be used to fabricate large areas of graphene
while limiting the number of defects [61]. Consequently, CVD grown
graphene can have a carrier mobility values as high as 2000-4000
cm?/V-s [62].

On the other hand, a high-quality graphene with a carrier
mobility of ~10,000 cm?/V-s can be achieved at room temperature
by mechanical exfoliation using the Scotch tape method or by
rubbing lithographically patterned pillars with “tipless” atomic force
microscopy (AFM) cantilevers [63]. The graphene sheets have lateral
physical dimensions limit in the order of 10-100 um. However, the
mechanical exfoliation method has poor reproducibility and also not
suitable for large-scale fabrication [60]. So the reduction route of GO
is economical and a facile technique for the production of graphene;
however, it was reported that the quality of these graphene (RGO)
sheets, in terms of electrical conductivity, is generally lower than
that produced using the other two methods discussed [64]. Overall
for the mass production, the CVD method is more efficient for high-
quality graphene, while the reduction method is better for small
graphene sheets. Hence, the application of graphene must first be
considered before the appropriate selection of the synthesis method
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(Fig. 2.1). The GO sheets have many distinct characteristics which
greatly differentiate them from those of graphene because of the
presence of numerous epoxy and oxygen-containing hydroxyl groups
on the basal plane, along with traces of phenol, carbonyl, carboxyl,
lactone and quinone present at the edges [65], which collectively
inhibit the electron transfer (Fig. 2.2A and B). Generally, GO films
are hydrophilic and typically insulating with an energy gap in the
electron density of states and a sheet resistance of about 10 (1/sq or
higher [66, 67]. However, GO exhibits excellent electronic, thermal,
electrochemical and mechanical properties due to its flexibility,
transparency and also biocompatibility and hydrophilic nature
similar to graphene. In terms of its fabrication, GO is most commonly
produced using variation of the Brodie, Staudenmaier and Hummer
methods [68, 69].

A
Mechanical exfoliation

(research,
cVD prototyping)

(coating, bio, transparent
" Q conductive layers,
e electronics,
e photonics)
>

Quality
Ov

¥ v

’

3

SiC
(electronics, 3
RF transistors)

Molecular
assembly
(nanoelectronics)

% o ¥ Liquid-phase exfoliation
™ + (coating, composites,
/s T #¥° inks, energy storage,
T P + bio, transparent conductive layers)

Price (for mass production)

Figure 2.1 Methods for the mass production of graphene depending on the
particular application, in terms of size, quality (e.g. presence of defects and
impurities) and price. Reprinted by permission from Macmillan Publishers Ltd:
Nature, Ref. [60], Copyright 2012.

All three methods involve the oxidation of graphite and the
formation of hydrophilic groups on the surface [70a, 70b]. After
the oxidation process, the resulting graphene is then exfoliated to
obtain single- or multilayered GO sheets by common ultrasonication
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procedure. Finally, RGO sheets can be obtained from GO through
chemical, electrochemical or thermal reduction method, which
removes the oxygen-containing branches from the basal planes
and edges of the GO sheets (Fig. 2.2C) [69, 71]. The electrical
conductivity as well as thermal stability of GO can be restored
similar to the levels found in graphite. The electrical conductivity of
RGO has been reported in the range of 200-42,000 S/m [64, 72].
Significantly, this depends on parameters such as type of reducing
agent, duration, annealing time and annealing temperature used
during the reduction method. Moreover, the specific capacitance of
RGO is significantly higher than that of GO; the transparency and
dispersibility of RGO are significantly reduced when compared to
pure GO sheets. Hydrazine, hydroquinone, sodium borohydride and
ascorbic acid are used for the removal of the hydroxyl groups from
GO sheets to form RGO. Electrochemical tools are also reported to
fabricate RGO using either sulphuric acid or nonacidic solutions such
as Na-phosphate-buffered saline (PBS), K-PBS, NaOH and KCl in the
presence ofa constantreduction potential or sweeping potential [73].
Finally, thermal reduction is a well-known method for the removal
of oxygen functional groups in the form of water, carbon monoxide
and carbon dioxide by placing the GO sample in a preheated furnace
at 1000-1100°C in the absence of air [74]. However, chemical and
electrochemical methods require mild conditions.

Figure 2.2  Structure of GO and reduced GO. (A) Chemical structure of GO. (B)
Scanning tunnelling microscope (STM) image of a GO monolayer on a highly
oriented pyrolytic graphite substrate. Oxidised regions are marked by green
contours. Panel (B) reprinted with permission from Ref. [70b], Copyright 2007,
American Chemical Society. (C) Chemical structure of RGO. Panels (A) and (C)
reprinted by permission from Ref. [71], Copyright 2010, John Wiley and Sons.
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2.1.1.2 Doped graphene and derived GNRs

Doping is one of the most feasible methods for tuning the band gap
of graphene, and cutting of the 2D graphene into 1D GNRs is another
remarkable strategy.

2.1.1.2.1 Substrate and electric field induced doping

A band gap in graphene is possibly opened through either electrical
field gating or the perturbations from underlying substrates, which
has attracted a lot of studies and investigations. A small gap (0.26 eV)
can be opened owing to the electronic coupling between graphene
grown on SiC and the underlying substrate [75-78]. The Fermi level
shift with respect to the conical point during absorption of graphene
on the metal substrate, which is driven by the work function
difference and the chemical interaction between graphene and the
metal. Even the weak bonding on the Ag, Al, Au, Cu and Pt surfaces
can lead to a Fermi level shift of graphene by 0.5 eV [79]. Generally,
bilayer graphene has a gapless band structure, and previous studies
predicted that a band gap can be opened by applying an electric field
which induces an asymmetry between the two graphene layers [80,
81].

2.1.1.2.2 Atomic and electrochemical doping

Atomic and electrochemical doping is an alternative method to
interact with the graphene system by internal controls. A top-gated
single-layer graphene transistor using an electrochemical dopant
such as solid polymer electrolyte is able to reach electron- or
hole-doping levels of up to 5 x 103 cm™2 [82]. For surface atomic
adsorption [83, 84], a substantial hole doping in the conical band
structure of epitaxial graphene can be achieved by absorbing metals
with higher electron affinities such as bismuth, antimony and gold
[85]. The formation of strong ionic bonding and large charge transfer
make alkaline metals as attractive n-type dopant candidates. The
surface coating of alkaline metals can produce superconductivity in
the chemically doped graphene [86].
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2.1.1.2.3 Substitutional B and N-doping

Incorporation of foreign atoms or substitutional doping into the
carbon lattice is a straightforward way, which can regulate the
electronic structure of graphene [87, 88]. Boron and nitrogen serve
as natural dopants since they have one fewer or more electron but
roughly the same atomic radius as carbon. According to theoretical
predictions, substitutionally boron or nitrogen doping can result
in the transformation of graphene into p- or n-type semiconductor,
respectively, accompanied by the large modifications of electronic
transports and charge mobilities [89-92]. Nitrogen doping in
graphene (2D CxNy graphene) leads to a metal-semiconductor
transition with band gap ranging up to 5 eV, thereby expanding the
possible electronic and optoelectronic applications of graphene [93].

The substitutionally doped B-graphene was achieved
experimentally and characterised as p-type semiconductors.
For instance, Kim et al. [95] prepared single-layer graphene
substitutionally doped with boron via the mechanical exfoliation
of boron-doped graphite. Tang et al. [96] produced B-doped
graphene with tunable electronic band gaps and p-type transport
properties via controllable doping through reaction of graphene
with the ion atmosphere of trimethylboron decomposed by the
low-energy microwave plasma. Panchakarla et al. [97] prepared
B-doped bilayer graphene by arc discharge of graphite electrodes
in the presence H,+B,Hy and by carrying out arc discharge using a
boron-stuffed graphite electrode. The experimental realisation of
N-doped graphene is even more inspiring; many methods have been
proven successful to introduce nitrogen dopant into the graphene
framework. Probably, CVD method is the most important method
to produce N-doped graphene. Wei et al. [94] first synthesised the
N-doped graphene (Fig. 2.3) by CVD, followed by several other
groups using different precursors [98-101], and the experimentally
obtained N-doped graphene exhibited an n-type semiconducting
behaviour. Zhao et al. [102] grew N-doped graphene films using
CVD on copper foil substrate and confirmed that the individual
nitrogen atoms are incorporated as graphitic dopants. Arc discharge
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is another important method to synthesise doped graphene.
Panchakarla et al. [97] prepared nitrogen-doped bilayer graphene
by employing the arc-discharge method [103, 104] in the presence
of H, + pyridine or H, + ammonia and by the transformation of
nanodiamond in the presence of pyridine. Nitrogen doping can be
alternatively achieved by using many other techniques, such as
nitrogen plasma treatment of graphene [105, 106], solvothermal
synthesis of tetrachloromethane with lithium [107], electrothermal
reactions of graphene with ammonia [108], NH; annealing after
N*-ion irradiation of graphene [109], denotation process with
cyanuric chloride and trinitrophenol as reagents [110], vacuum
annealing of embedded nitrogen and carbon sources [111], thermal
annealing of graphite oxide in [112] NH; or melamine [113], self-
assembly of pyridine molecules [114], and hydrothermal reduction
of graphite oxide under hydrazine and ammonia [115]. In addition
to single B or N dopants, complex BN doping also emerges. Due to
their commensurate lattice parameters, graphene and BN sheets are
considered good candidates for fabricating hybrid BN/C materials.
A recent example is the incorporation of hexagonal BN domains
within graphene (Fig. 2.4), which is prepared by a CVD technique on
Cu substrate using methane and amineboran as precursors [116].

@ Catom @ "pyridinic” N atom
@ "graphitic” N atom g

Figure 2.3 Schematic representation of graphitic, pyridinic and pyrrolic types
of N atoms in the N-doped graphene. Reprinted by permission from Ref. [94],
Copyright 2009, American Chemical Society.

27



28

Fabrication, Functionalisation and Surface Modification

b4 p4 g b4 P4 P49 P4 DG b4 H4Q pE pE p4E p4Ed pad ba
4 pd #8 B8 b8 o4 B4 B4 b4 pd b4 DG P4 P4 bE paA b

e = - 4
b 4 4 94 4 P4 P4 pd Dd He Be Be D4 pa pa
4 bd B8 pe pd 84 Bd 4 DA DG 8 B4 B8 e Do pad b

-
4 4 4 B4 P4 PO pd DG HE e B4 e e Do
@ ba #8 B8 Pa B4 P4 Dd pd DO DG B8 B8 B8 B8 BA D
Pq PE 4 P4 4 B4 BPE DD PO DG DR SE BE R BE MO
4 pd #e B8 P4 84 B4 #d PG PG bd BE B4 PE B pe b

o
|3 o

4 b9 p9 P9 pd 4 Dd e B4 O Dd D 2 4 pa < >

pd pd pd bd P4 bd De PO DA DO O DE D pd ba pa

4 b4 pa b8 p4 b4 pd be b4 BA bd o | 3] pe b

pd pa pd pd P4 bd pd pe pd pa b p4 bd pd p4a pa

4 bd » e b [ bd pd pa P4 bd b [ pe pa

@B @cC ON

Figure 2.4 Atomic model of the h-BNC film showing hybridised h-BN and
graphene domains. Reprinted by permission from Macmillan Publishers Ltd:
Nature, Ref. [116], Copyright 2010.

2.1.1.2.4 Alkaline and transition metal (TM) substitutional
doping

Alkaline and transition metal substitutional impurities have also
received particular attention due to their abilities to inject charge
into the electron system of graphene [116]. This type of doping is
formed by replacing the C atoms with metal atoms at the sites of
single or multiple vacancies [117, 118]. Aside from the theoretical
studies, many transition metals have also been experimentally
embedded into graphene framework. The Au- and Pt-embedded
graphene have been fabricated recently via electric arc discharge, and
the migration of Au and Pt in graphene layers has been monitored in
real time by transmission electron microscopy (TEM), which shows
a high activation energy of 2.2~2.5 eV [119]. The Ni [120], Pt, Co and
In [121] substitution in the in-plane graphitic phase has also been
experimentally detected.

2.1.1.2.5 Molecular doping

Molecular doping of graphene via charge transfer between graphene
and electron-donating or electron-withdrawing molecules also gives
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rise to significant changes in the electronic structures of graphene
[122-130]. This kind of doping usually involves noncovalent
functionalisation of graphene, and the adsorbed molecule,
aromatic or non-aromatic, can either release electron to graphene
(n-doping) or pull them from graphene (p-doping) depending on
its electron-donating or -accepting ability. According to Widenkvist
et al’s experiment, the intercalation of Br, into graphite results in
significantly weaker interlayer binding between graphite layers and
can, therefore, facilitate the sonochemical exfoliation of intercalated
graphite into suspended graphene flakes [131]. Br, intercalation
also offers an effective method to enable the mechanical exfoliation
of graphene grown on Ir(111) substrate [132]. Moreover,
epitaxial graphene thermally grown on 6H-SiC (0001) can be
p-type doped via doping a strong electron acceptor, tetrafluoro-
tetracyanoquinodimethane (F4-TCNQ) [133-136]. The n-type
doped graphene sheets can be realised by depositing electron-
donor molecules such as vanadyl-phthalocyanine (VOPc) [137] and
tetrathiafulvalene (TTF) [138]. Graphene with top self-assembled
molecule layers such as phosphonic acids [139], 3,4,9,10-perylene
tetracarboxylic dianhydride (PTCDA) [140, 141] and fluoroalkyl
silane [142] have been successfully synthesised, and these molecules
can also induce the carrier changes of graphene to a large extent.

2.1.1.3 Graphane

Graphane is an extended 2D polymer of carbon and hydrogen
with a stoichiometric formula unit CH, which adds to the wealth
of carbon-based materials which show great potentials for near-
future nanoelectronic devices. Graphane can be regarded as a fully
hydrogenated derivative of graphene, where all the carbon atoms
are in sp3 configuration and hydrogen atoms are attached to the
carbon atoms alternatively on the opposite sides of the carbon
network, structurally analogous to the a hydrogenated (111) sheet
of diamond. Many theoretical studies have been directed towards the
understanding of such novel material [143-146]. The structure and
stability of graphane were first predicted in 2007 by Sofo etal. [143].
Graphane prefers the chair-like configuration with a C-C bond length
of 1.52 A and a C-H bond length of 1.11 A, where the sp3-hybridised
C-C bond is much larger than the characteristic of sp?-hybridised
C-C bond (1.42 A) in graphene (Fig. 2.5a). Graphane is predicted
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to be a stable structure with a binding energy comparable to other
hydrocarbons such as benzene, cyclohexane and polyethylene. The
alteration of carbon-hybridised state from sp? into sp? confines the
p, electrons into covalent bonds, making the 7 bands in pristine
graphene disappear, and the ¢ bands in graphane move to the top
of the valence bands and a large band gap is opened (Fig. 2.5) [147].
Due to its inherent gap-opening, the large on-state currents as well
as high 1,, /1. ratios in graphane-based field-effect transistors have
been theoretically predicted [148].
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Figure 2.5 (a) Structure of graphane in the chair conformation. The carbon
atoms are shown in green and the hydrogen atoms in white. (b) Band structure
and density of states for the chair-type graphane. Reprinted by permission from
Ref. [143], Copyright 2007, American Physical Society.

2.1.1.3.1 Graphane and partially hydrogenated graphene

Hydrogenation is an important strategy to modulate the surface
geometries and electronic properties of graphene. Plasma is an
important method for hydrogenation. By exposing the as-prepared
graphene to the cold hydrogen plasma, Elias et al. [149] first
synthesised graphane, the two-sided fully hydrogenated graphene,
in 2009. In addition, the one-side hydrogenated graphene was
achieved by depositing the graphene sheet on a silica substrate,
which allows the availability of only one side of graphene to atomic
hydrogen. Besides plasma hydrogenation, graphane and partially
hydrogenated graphene can be obtained through many other routes
[150, 151]. For instance, hydrogenation of graphene can be realised
by dissociating the hydrogen silsesquioxane (HSQ) via e-beam
lithography on the mechanically exfoliated graphene [152].
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Recently, Jones et al. [153] have synthesised graphane and
partially hydrogenated graphene by electron irradiation of
graphene having chemisorbed H,0 and NH; adsorbates on the
surface. Zhou et al. [154, 155] predicted that fully hydrogenated
graphene can become half-hydrogenated with the desorption of H
atoms from one side of graphane by applying an electric field. The
resulting semi-hydrogenated graphene is also called “graphone”.
The chemical hydrogenation can also take place in bilayer or
multilayer graphene [156]. Ab initio computations revealed that in
the case of hydrogenated bilayer graphene, the weak van der Walls
forces between graphene layers are replaced by strong interlayer
C-C chemical bonds, and at maximum coverage (50% hydrogen
saturation), a bilayer analogue of graphane (bilayer graphane) is
formed [157].

2.1.1.4 Fluorographene

Besides GO and graphane, the fully fluorinated graphene
(fluorographene, with a stoichiometric formula unit of CF) is another
important structural derivative of graphene. Fluorographene has
similar geometric structure and sp3 bonding configurations to
graphane with each carbon covalently bonded to one fluorine atom.
In fact, the fluorination of sp? carbon can be dated back to decades,
and the fluorinated bulk graphite, which has been known ever since
1934 [158], has been studied extensively [159-162] and widely
used as a superior solid lubricant [163, 164]. Fluorinated graphene
is synthesised mainly by reacting graphene with XeF, and F, or by
mechanical and chemical exfoliation of graphite fluoride. Though
sophisticated techniques are used to fully characterise graphene
and graphane, the complete structure of fluorographene remains
experimentally elusive due to the limitation of Raman spectra in
specifying the CnF structure and the different preparation conditions.
Experimentally, the fully and partially fluorinated graphene with CnF
for n < 4 have been synthesised by exposing graphene to XeF, and F,.

XeF, is an excellent agent for providing reactive fluorine
radicals upon heating. In 2010, Robinson et al. [165] synthesised
fluorographene when exposing the graphene grown on Cu foils to
XeF, at 30°C on one or both sides. The single-side fluorination is
possible and results in a crystalline F,C structure with a large band

31



32

Fabrication, Functionalisation and Surface Modification

gap of 2.93 eV. At the nearly same time, Nair et al. [166] achieved
perfluorographene material with an optical band gap of 3 eV by
starting from the cleaved graphene crystals on gold and nickel grids
and exposing the graphene to XeF, at 70°C. Structurally, fluorination
leads to a slight expansion of the cell parameter of graphene by
about 1%, in contrast to the hydrogenated case, which shows a
compressed lattice. Similarly, Jeon et al. [167] prepared partially
fluorinated graphene by direct chemical reaction of graphene
with XeF,. Compared with the pristine graphene, which is well-
dispersed in ethanol, fluorographene precipitates in ethanol since
the fluorographene with sp3-hybridised C atoms does not have free
p, orbitals to form pseudohydrogen bonds with the -OH groups of
ethanol (Fig. 2.6b). The near edge X-ray absorption spectroscopy
(NEXAFS) also verified that the * feature, a characteristic of sp?
bonding in graphene, is progressively decreased with increasing
fluorine content, indicating the formation of sp® bonds in the
substance (Fig. 2.6c).

The resulting fluorographene shows a wide band gap of at least
3.80 eV based on photoluminescence measurement, exhibiting
excitonic absorption in ultraviolet (UV) and visible light regions
(Fig. 2.6d). Moreover, gaseous F, was also used to fluorinate
graphene. Cheng et al. [168] reported the reversible fluorination of
multilayer graphene (with an F/C ratio of 0.7) by interacting with
high-temperature F, gas, showing that the conductivity of graphene
can be reversibly modified through fluorination and reduction
reactions. The stoichiometric fluorographene can also be prepared
by directly exfoliating the layered graphite fluoride, like the method
used in isolating graphene from graphite. Withers et al. [169]
realised the mechanical exfoliation of fluorinated graphite, and the
transistor fabricated using the obtained fluographene has a strongly
temperature-dependant resistance. Alternatively, Zbofil et al. [170]
achieved the liquid-phase exfoliation of graphite fluoride using
sulpholane [170] or dimethylformamide [171] as the solvent. The
fluorographene is predicted to have higher thermodynamic stability
than other four graphene derivatives, namely graphane, graphene
bromide, chloride and iodide [170, 172], using the halide-exchange
process (reacting fluorographene and KI), and the fluorographene
can be transformed into graphene via graphene iodide, a
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Figure 2.6 (a) Structure of CF; black and purple spheres indicate carbon and
fluorine atoms, respectively, which are bonded alternatively on both sides of
graphene. The inset, dotted area, is a plan view. (b) Fluorographene (left vial)
and pristine graphene (right vial) in ethanol. These samples were sonicated for
30 s in ethanol. (c) NEXAFS spectra of pristine graphene and fluorographene
with two different contents of fluorine. The dashed lines at 284.1 and 287.9
eV mark the leading edges of the * resonance for the pristine and fluorinated
samples, respectively. (d) Room temperature photoluminescence (PL) emission
of the pristine graphene/fluorographene dispersed in acetone using 290 nm
(4.275 eV) excitation. The dotted lines are used for guiding eyes. The interval of
dotted line is ~156 meV. Optical images (top view) of the blue emission observed
after the PL emission were recorded with the samples in 3.5 mL quartz cuvettes.
Reprinted by permission from Ref. [167], Copyright 2011, American Chemical
Society.

spontaneously decomposing intermediate [170]. In addition, the
chemical exfoliation of graphite fluoride by ion liquids 1-butyl-3-
methylimidazolium bromide ([bmim]Br) under ambient conditions
was utilised to generate single- or few-layer fluorographene (Fig.
2.7) [173]. The formation of fluorographene layers may be attributed
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to surface-energy matching between the ionic liquids and the
carbon sheets in fluoro-graphite. Due to the strong m-m interaction
between the hexagonal carbon lattice and their imidazole ring,
the intercalation of [bmim]Br molecules into the interlayer space
of fluoro-graphite can dramatically weaken the van der Waals
force between neighbouring layers. Upon mild ultrasonication, the
fluoro-graphite can be readily exfoliated into single- and few-layer
fluorographene sheets to yield a highly concentrated quasi-sol (5
mg/mL). [bmim]Br also acts as an electrostatic stabilising agent to
facilitate the stable dispersion of the resultant quasi-sol [173].
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Figure 2.7 (A) lllustration of the one-step synthesis of fluorographene. (B)
Digital images of (a) 0.25 (C/F ratio) fluorographene (5 mg/mL) and (b) 0.5
(C/F ratio) fluorographene (5 mg/mL) quasi-sols in [bmim]Br after standing for
3 h. No precipitation was observed. Reprinted by permission from Ref. [173],
Copyright 2011, John Wiley and Sons.

2.1.1.5 Graphyne and graphdiyne

Carbon has various hybridised states (sp, sp? and sp?) and can form
diverse bonds, yet the well-established crystalline phases contain
either all sp? or all sp? carbon atoms. Synthesising and discovering
new carbon phases with novel bonding characteristics will be an
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ongoing effort for both theoretical and synthetic scientists [174,
175].

As new forms of non-natural carbon allotropes, graphyne and
graphdiyne have been the subjects of interest due to their unique
structures and intriguing electronic, optical and mechanical
properties. Inspired by the theoretical predictions, many
experimental efforts have been dedicated to synthesising graphyne
and graphdiyne. Although the large-scale synthesis of graphyne has
not been achieved, reasonable synthesis approaches to fabricate its
smaller and larger substructures have been developed [176-178].
Amazingly, Li et al. [179, 180] successfully synthesised large-area
graphdiyne films with 3.61 cm? on the copper surface via a cross-
coupling reaction using hexaethynyl benzene as the monomer (Fig.
2.8). In the process of forming graphdiyne, the Cu foil serves as both
catalyst and substrate for growing graphdiyne film. The prepared
films are composed of graphdiyne multilayers, with thickness
of about 1 um, as indicated from the STM and AFM observations.
The high-resolution TEM image exhibits clear fringes of 4.1913 A
without defects or dislocations.

Figure 2.8 (a) Schematic of hexaethynyl benzene monomer and graphdiyne
film. Reprinted with permission from Ref. [180]. (b) SEM, TEM, SAED and XRD
pattern of a large-area graphdiyne film, and (c) corresponding AFM images and
I-V curve. Reprinted by permission from Ref. [180], Copyright 2010, American
Chemical Society.
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Both selected area electron diffraction (SAED) and X-ray
diffraction (XRD) pattern confirm the high crystallinity of the as-
grown graphdiyne film. The measured current-voltage (I-V) curve of
graphdiyne film exhibits a typical Ohmic behaviour, which shows a
linear relationship with a line slope of 2.53 x 1073, The conductivity
is calculated as 2.516 x 107 S/m, which is comparable to silicon,
demonstrating excellent semiconducting properties. In addition to
2D graphdiyne sheet, through an anodic aluminium oxide template
catalysed by Cu foil, Li et al. [181] fabricated graphdiyne nanotube
arrays which display high performance field emission properties.
More recently, graphdiyne nanowire semiconductors with a
conductivity of 1.9 x 103 S/m and mobility of 7.1 x 10% cm?/V's
were successfully constructed by vapour-liquid-solid (VLS) growth
process [182].

2.1.1.6 Porous graphene

Porous graphene is a new class of light-weight porous material,
featured as well-defined and orderly distributed inherent porous
structures within the covalent m-electronic framework of graphene
[183].Itresembles the 2D structure of graphene but with periodically
missing phenyl rings and possesses drastically distinct properties
from graphene. Typically porous graphene can be generated by either
top-down or bottom-up methodologies. The first method utilises the
electron beam ablation or electron irradiation to drill holes [184,
185] or introduce vacancy defects [186] in graphene sheet, and the
dangling bonds can be saturated by H or F atoms under vacuum
hydrogen/fluorine atmosphere or by N atoms through doping with
ammonium [187]. However, a precise control of the shape, size and
the functional groups within the pore as well as the uniformity of
the created porous structure using these top-down techniques
might be challenging. The second approach is to first synthesise
organic building blocks and then assemble the building blocks via
chemical bonds into a larger sheet of porous graphene. This method
has the clear advantage of being able to design a porous structure
with specified pore size, shape and functional groups inside the pore
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and allow for an elaborate control over the chemical nature and
properties of the resulting networks.

Such bottom-up synthetic strategy has been successfully applied
to the fabrication of 2D porous polytriazine via dynamic trimerisation
of terephthalonitrile [188] and a polyphenylene-based polymer
material PP-CMP by Suzuki cross-coupling polycondensation
reaction [189]. Particularly, Bieri et al. [190] successfully fabricated
one-atom thick porous graphene, or 2D polyphenylene networks, by
the silver-promoted coupling reactions of well-designed molecular
building blocks (hexaiodo-substituted macrocycle cyclohexa-m-
phenylene, CHP) (Fig. 2.9). The fabrication process starts with the
deposition and dehalogenation of CHP molecules on the Ag (111)
surface at room temperature. Then, annealing the substrate to
temperatures above 570 K initiates the polymerisation reaction and
results in the formation of a complete honeycomb network depicted
as porous graphene, which is thermally stable up to the roughness
of transition temperature of Ag. The produced porous graphene
shows a uniform pore spacing of 7.4 A by a structural analysis of the
high-resolution STM image and is the first example of an sp2-bonded
hydrocarbon superhoneycomb framework.

1nm

Figure 2.9 (a) Mechanism of Ag-promoted Aryl-Aryl coupling of iodobenzene
to biphenyl, the structure of hexaiodo-substituted cyclohexa-m-phenylene
(CHP) and a fraction of the polyphenylene superhoney comb network. (b) A
high-resolution STM image of an edge of the polyphenylene network after the
polymerisation process at 805 K. Reproduced from Ref. [190] with permission of

The Royal Society of Chemistry.
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2.1.2 Synthesis Methods of Graphene-Related
Nanocomposites

Graphene-NP composites, wherein sheets of graphene, GO or RGO,
are decorated with NPs which are a few nanometres to a couple
hundred nanometresin diameter [191], can be obtained by anchoring
various types of NPs to the surface of graphene sheets through both
in situ (e.g. growing the NPs on the graphene surface) and ex situ
(e.g. attaching premade NPs to the graphene surface) methods. GO
and RGO are especially promising templates for this purpose as the
presence of defects and oxygen functional groups on their surfaces
allows for the nucleation, growth and attachment of various metal
(e.g. Au [192], Ag [193], Pt [194], etc.) and metal oxide NPs (e.g. FeO
[195], TiO [196], ZnO [197], SnO, [198], Cu,0 [199], MnO, [200], NiO
[201] etc.). The resulting graphene-NP composites are then able to
offer numerous unique and advantageous properties for various
applications depending on the particular characteristics possessed
by the NPs used to form the composites. For example, graphene-NP
composites can confer excellent catalytic activity, enhancements
in mass transport, and a significantly higher effective surface area
[65]. As such, recent efforts in this area have not only focused on
methods to form graphene-NP composites while preserving the
excellent properties of graphene but also on precisely tuning the
physicochemical features that are present. In this section, different
methods are discussed, which are available for the preparation of
graphene-NP composites including various in situ (e.g. reduction,
hydro- thermal and electrochemical) and ex situ methods.

2.1.2.1 Reduction methods

Graphene-metal NP composites are most frequently fabricated via
the reduction of metallic salts (e.g. HAuCl,, AgNO3 and K,PtCl,) using
chemical agents such as ethylene glycol, sodium citrate and sodium
borohydride [193, 202].

More specifically, the negatively charged functional groups
which exist on the surface of GO allow for the nucleation of positively
charged metallic salts, resulting in the growth of metal NPs on the GO
surface. By utilising this method to form RGO-metal NP composites,
it is possible to preserve the excellent electrical properties of
graphene. Moreover, by controlling the density of oxygen-containing
groups on the GO and RGO surface, one can easily tune the density
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of NPs formed on the resulting graphene-NP composites. In general,
to form graphene-metal NP composites in situ via reduction, a one-
step method is used wherein the metal precursor and GO sheets
are mixed in an aqueous solution and then reduced simultaneously
(Fig. 2.10). This reaction is similar to conventional NP synthesis

2
(A)
wo1E
s
2nm g
[5)
-1x
v 3 2
I.J)istance (um)
6
4 3
[ g
L0 ‘E-'
5.5nm 26
[ 4T
6

00 02 04 06 08 1.0
Distance (pm)

Figure 2.10 Graphene-NP composite composed of GO sheets decorated with
AuNPs. (A) AFM image of a single GO sheet and (B) a GO sheet decorated with
3.5 nm AuNPs. The corresponding curves on the right side show the thicknesses
of the GO sheet and the GO/AuNP sheet. (C and D) TEM images of the GO/
AuNP sheet with different magnifications. Inset of (D) shows a high-resolution
TEM image of a single AuNP. Reprinted by permission from Ref. [204], Copyright
2013, American Chemical Society.
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methods and follows three steps: (i) reduction, (ii) nucleation and
(iii) NP growth. More specifically, the functionalities which exist
on the GO and RGO surface, such as alcohols, carbonyl groups and
acids, are responsible for the attachment of free metal ions through
electrostatic interactions. Subsequently, the addition of a reducing
agent promotes the reduction of the attached metal ions, thereby
enabling the growth of metal NPs on the GO and RGO surfaces [203].
While this method is highly efficient and easy to perform, the size
and morphology of the metal NPs on the resulting composite can be
difficult to control, resulting in samples which are decorated with
NPs that have a wide size distribution [204].

To date, the reduction technique has been used primarily for the
preparation of graphene-noble metal NP composites. Noble metal
NPs, especially gold (AuNP) and silver NPs (AgNPs), are among the
most extensively studied NMs and have led to the development of
numerous biotechniques and applications, including diagnostics,
imaging, drug delivery and other therapeutics [205]. Noble metal
NPs are of particular interest because of their unique and unusual
properties such as high biocompatibility and optical properties
(e.g. surface plasmon resonance), which can be easily tuned to
the desired wavelength according to their shape (NPs, nanoshells,
nanorods, etc.), size and composition [206]. In addition, when
combined with graphene as a composite, graphene-noble metal
NP hybrids are able to exhibit SERS as well as enhanced catalytic
potential [207]. To this end, numerous methods have been used
to fabricate graphene-AuNP composites, which are currently the
most commonly prepared and utilised graphene-NP composite.
Briefly, graphene-AuNP composites can be attained by mixing
HAuCl, precursor with exfoliated GO and sodium citrate, resulting
in gold precursors anchoring to the surface of GO via electrostatic
interaction. Afterwards, the gold precursors are reduced using
NaBH, to form AuNPs [208]. Similarly, graphene-AgNP composites
can be obtained by mixing GO with AgNOs, followed by reduction
with NaBH, [209]. Finally, graphene decorated with platinum or
palladium NPs has also been produced by mixing graphene with
chloroplatinic acid (H,PtClg) or tetrachlor-opalladic acid (H,PdCly),
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followed by reduction with ethylene glycol, respectively [210]. In
terms of the characteristics which are imparted by the formation
of graphene-noble metal NP composites, Subrahmanyam et al.
[210] recently studied the interaction between noble metal NPs and
graphene utilising Raman spectroscopy. Specifically, they reported
that the decoration of graphene with noble metal NPs results in
electronic interactions which give rise to significant changes in the
ionisation energies of the metals as well as in their charge-transfer
interaction and, subsequently, the Raman spectrum of the graphene
sheets. On the other hand, graphene-NP composites containing
bimetallic NP hybrids can also be obtained utilising a two-step
reduction process.

By fabricating such a structure, not only can synergism be
achieved between the different NP species that are present, but
also between the bimetallic NPs and graphene [211]. For example,
the reduction of H,PdCl, by formic acid, followed by the addition of
K,PtCl, and reduction by AA, yielded a graphene-PtPd bimetallic
NP composite structure (Fig. 2.11) [212]. The resulting bimetallic
hybrid composite showed much higher catalytic activity than
conventional graphene-platinum NPs (PtNP) hybrid structures and
PtPd bimetallic catalysts. This can be attributed to a combination
of the increased surface area of Pt in bimetallic NPs, which is an
essential factor in improving catalytic activity, as well as their
better dispersion on graphene nanosheets which have high surface
area [213]. Similarly, Yang et al. described the preparation of
another bimetallic NP hybrid wherein GO was decorated with PtCo
bimetallic NPs [211]. In this case, ethylene glycol-functionalised
GO sheets were loaded with PtCo bimetallic NPs by the addition of
H,PtClg and CoCl, at room temperature, followed by reduction with
NaBHj,. Similar to the graphene-PtPd bimetallic NP composites, the
resulting graphene-PtCo bimetallic NP composites also exhibited
good stability, resistance to degeneration and an especially high
catalytic activity as compared to other PtNPs and graphene-PtNP
composites, presumably for the same reasons as mentioned for
graphene-PtPd composites.
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Figure 2.11 Graphene-bimetallic NP composites. (A) Procedure to fabricate
graphene nanosheet/Pt-on-Pd bimetallic nanodendrite hybrids. (B) TEM images
of the graphene-bimetallic NP composites. Inset of (B) shows the Pt-on-Pd
bimetallic nanodendrites at a higher magnification. Reprinted by permission
from Ref. [212], Copyright 2010, American Chemical Society.

Finally, as an alternative to the traditional reduction methods
used to prepare graphene-NP composites, microwaves can also be
used as a source of energy which facilitates the process [214]. For
instance, graphene and its derivatives were decorated with metal
(e.g. Au [214], Ag[215] and Pt [216]) and metal oxide (e.g. Co30, and
MnO,) NPs [217], in the presence or absence of reducing agents and
stabilising molecules, with the help of rapid microwave irradiation.
The main advantage of microwave irradiation is the uniform and
rapid heating of the reaction mixture, thereby reducing the barrier
to reduction, nucleation and ion incorporation [218]. Hence, NPs
with a very small size and narrow size distribution can be obtained.

2.1.2.2 Hydrothermal methods

The hydrothermal method is also commonly used to synthesise
inorganic NPs which have high crystallinity and narrow size
distribution on graphene sheets. Moreover, this method allows
for the formation of NPs on graphene without the need for post-
annealing and calcination [219]. In general, the process involves the
use of high temperatures and pressures, which induce the growth
of nanocrystals and, at the same time, reduce GO to RGO. However,
while the high temperature and long reaction times can partially or
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completely reduce GO on its own, in most cases, reducing agents are
added to ensure the complete reduction of GO [219, 220].
Graphene-metal oxide NP composites (e.g. ZnO [221], TiO,
[222], Fe304 [223], SnO, [224],) are, by far, the most common
hybrids synthesised using the hydrothermal method. Specifically,
metal oxide NPs can provide the graphene-metal oxide NP
hybrids with a number of advantages such as a higher capacitance,
which depends on the NP structure, size and crystallinity, while
suppressing agglomeration and the restacking of graphene [225].
Moreover, graphene-metal oxide NP composites result in enhanced
electron conductivity, shortened ion paths and a significant increase
in the available surface area when compared to graphene alone,
which altogether lead to higher electrochemical activity [226].
For example, in 2012, Park et al. reported the one-pot synthesis
of RGO-Sn0, NP composites, wherein the resulting composites
exhibited outstanding cycling performance and could be used as an
electrode [224]. In their study, a hydrothermal synthesis assisted by
hydrazine, which promoted the complete reduction of GO to RGO,
was utilised. The resulting composites exhibited a first discharge
capacity of 1662 mA-h/g, which rapidly stabilised and remained at
626 mA-h/g even after 50 cycles when cycled at a current density
of 100 mA/g, whereas the capacity of pure SnO, NPs decreases
continuously. This could be attributed to the lack of aggregation
in the RGO-supported SnO, composites and the uncontrolled
aggregation of the pure SnO, NPs. On the other hand, Ren et al. [62]
reported the synthesis of graphene-magnetic NP (MNP) composites.
In particular, these graphene-MNP composites exhibited excellent
electrical conductivity and mechanical strength while possessing
the magnetic properties of the attached MNPs [227]. In this case, a
one-step hydrothermal method was performed, wherein anhydrous
FeCl; provided the source of iron, and ethylene glycol (or a bisolvent
of diethylene glycol and ethylene glycol) was used as the reductant
and solvent. Consequently, Fe;0, NPs with a diameter of 7 nm were
densely and uniformly deposited on the RGO sheets. Moreover, the
reduction of GO by this process was comparable to that achieved by
conventional methods. For example, the D/G intensity ratio of RGO
in the aforementioned hybrids was 2.30:1, which is similar to the
ratio typically obtained for pristine graphene (2.45:1), indicating the
recovery of the sp? domain in the carbon network [227]. In addition,
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various chalcogenide QDs such as CdS [228], ZnS [229], Cu,S [230],
MoS, [231], Sn3S, [232] and CdTe [233] have been successfully
immobilised on graphene utilising hydrothermal methods. These
semiconductor nanostructures have attracted intense interest due
to their fundamental importance as well as their enormous potential
in optoelectronic, magnetic and catalytic applications [234].
Specifically, for biological applications, QDs provide high quantum
yield (0.1-0.8 [visible], 0.2-0.7 [NIR] versus 0.5-1.0 [visible],
0.05-0.25 [NIR] for organic dyes) [235], high molecular extinction
coefficients (10-100x that of organic dyes) [236], broad absorption
with narrow symmetric photoluminescence spectra (full-width
at half-maximum 25-40 nm) spanning from ultraviolet (UV) to
NIR, high resistance to photobleaching, and exceptional resistance
to photo- and chemical degradation [237]. Moreover, because of
their size-tunable fluorescence emission and the broad excitation
spectra, QDs have a significant advantage over molecular dyes.
However, these semiconductor NPs are limited by their tendency
to aggregate, resulting in a reduction in the surface area that is
available for subsequent applications. In terms of the fabrication
of RGO-sulphide nanocomposites, the sulphur sources often act
as a reducing agent for GO. Zhang et al. [238] recently reported the
synthesis of graphene-CdS NP composites wherein a facile one-step
hydrothermal approach was utilised to simultaneously form CdS NPs
and reduce GO (Fig. 2.12) [238]. By combining these two excellent
materials in a single composite, the graphene-CdS NP composites
were able to serve as promising visible light-driven photocatalysts,
whose excellent photoactivity could be attributed to the integrative
effect of the enhanced light absorption intensity, high electron
conductivity of graphene, which significantly prolonged the lifetime
of photogenerated electron-hole pairs, and its significant influence
on the morphology and structure of the samples.

Finally, there have also been some reports utilising hydrothermal
methods for the preparation of RGO-noble metal NP composites
(Fig. 2.13) [239]. In the case of graphene-AuNPs, a solution of
HAuC4-3H,0 and NaOH was mixed with GO [240]. Subsequently,
the solution was sonicated at a frequency of 40 kHz and heated to
180°C. The resulting graphene-AuNP composites had AuNPs with
a narrow size distribution in the range of 2 or 18 nm, with and
without sonication, respectively. Graphene-Pt or ~-PdNP composites
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can also be prepared by a similar method using H,PtCl-6H,0 and
PdCly, respectively [240]. Moreover, graphene bimetallic NP hybrid
composites have been reported using the hydrothermal method.
For instance, platinum-ruthenium NPs with a mean size of 2.17
nm were decorated on graphene nanosheets, and it was found that
the size and morphology of these NPs could easily be controlled by
modifying the synthesis temperature and the initial materials used
[241].
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Figure 2.12 Graphene-quantum dot composites. SEM images of the as-
prepared samples of (A) CdS-5% graphene, (B) CdS-30% graphene and (C)
UV-vis diffuse reflectance spectra of the samples of blank- CdS and Cd-GR
nanocomposites with different weight addition ratios. Reprinted by permission
from Ref. [238], Copyright 2011, American Chemical Society.

2.1.2.3 Electrochemical methods

Electrochemical deposition is a simple, fast and green technique
that can be used to form graphene-NP composites while preventing
the contamination of synthesised materials. In addition, it is low
cost, easy to miniaturise and automate, and is highly stable and
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reproducible [242]. As such, by utilising electrochemical deposition,
the size and shape of the NPs which are deposited can be precisely
controlled by simply altering the conditions of electrochemical
deposition. In particular, electrochemical deposition methods
have been developed extensively for the fabrication of graphene-
inorganic NP composites with the vast majority of composites
formed using this method being noble metals such as Au [243], Ag
[244], Pt [245], as well as bimetallic metals.
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Figure 2.13 Hydrothermal methods to synthesise graphene-AgNP composites.
(A) (1) GO is adsorbed on the APTES-modified SiO, substrate. (2) GO is reduced,
and RGO is obtained. (3) Growth of Ag particles by heating the RGO substrate in
0.1 M AgNOj; at 75°C for 30 min. (4) Growth of AgNPs by heating the GO substrate
in 0.1 M AgNO; at 75°C for 30 min. (B) Tapping mode AFM topographic image
and height profile of a single layer of GO adsorbed on an APTES-modified SiO,
substrate. (C) SEM image of Ag particles grown on an RGO surface. Reprinted by
permission from Ref. [239b], Copyright 2009, American Chemical Society.
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In a typical electrochemical deposition experiment, there are
three steps wherein (i) the graphene sheets are first assembled onto
an electrode, (ii) the graphene-coated electrode is then immersed
in an electrolytic solution containing metallic precursors, and
(iii) a potential is applied. For the formation of graphene-AgNP
composites, Golsheikh et al. recently reported an electrochemical
deposition method wherein the resulting NPs fell within a very
narrow size distribution with a mean size of 20 nm [244]. In this case,
a solution containing silver-ammonia [Ag(NH3),0H] and GO was
exposed to cyclic voltammetry (CV), which was performed using a
three-electrode system which consisted of an indium tin oxide (ITO)
working electrode, a platinum foil counter electrode and a saturated
calomel electrode (SCE) reference electrode (scanning between
-1.5 V and 0 V at the rate of 25 mV/s). Fisher et al. also utilised
electrochemical tools to fabricate graphene-PtNP composites
wherein PtNPs were decorated on multilayered graphene petal
nanosheets (MGPNs) [245]. According to their report, a three-
electrode system, wherein the MGPNs acted as the working electrode,
Pt gauze as the auxiliary electrode and Ag/AgCl as the reference
electrode, was dipped in a solution containing H,PtClg:6H,0 and
Na,S0,. Utilising this method, the density, size and morphology of the
PtNPs could be precisely controlled by simply adjusting the intensity
of the pulse current. In particular, this allowed for the simultaneous
reduction of GO and H,PtClg to RGO and PtNPs using an electrolyte
solution containing CuS0O, in a conventional three-electrode system,
wherein the RGO electrode, a Pt mesh and an Ag/AgCl electrode were
used as the working, counter and reference electrodes, respectively
(Fig. 2.14A) [246]. To fundamentally study the nucleation of Cu on
RGO via electrochemical deposition, the authors used CV, Tafel plots
and chronoamperometry. From CV, it was inferred that Cu deposition
on RGO electrodes initiated at a more positive potential of 0.105 V
(versus Ag/AgCl) as compared to that found for glassy carbon and
pencil graphite.

On the other hand, the Tafel plot confirmed that the rate-de-
termining step for Cu deposition on RGO was mass transport and,
finally, that nucleation on RGO occurred either instantaneously or
progressively depending on the initial concentration of the elec-
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trolyte (e.g. instantaneously at higher concentrations [50 mM] and
progressively at lower concentrations [10 mM]). Last, although the
vast majority of research efforts have concentrated on the electro-
chemical deposition of metal NPs on the graphene sheets, there have
also been several reports of the electrochemical deposition of metal
oxide NPs onto graphene. For instance, Wu et al. [247] deposited
Cl-doped n-type Cu,0 NPs, which are abundant and nontoxic NPs
which have a direct band gap of ca. 2.0 eV [247], on RGO electrodes,
resulting in a carrier concentration of up to 1 x 102° cm=3 [248].
Specifically, to deposit ClI-Cu,0 NPs on RGO, a solution of CuSO,,
CuCl, and lactic acid was added to a three-electrode system where
the RGO electrode, a Pt mesh, and an SCE were used as the work-
ing, counter and reference electrodes, respectively. The deposition
used a potentiostatic process (potential of -0.4 V, charge density of
2 C/cm?) at a temperature of 60°C. Similarly, ZnO nanorods could
also be deposited on RGO films using a solution containing ZnCl, and
KCl as the supporting electrolyte in a conventional three-electrode
system, where RGO-polyethylene terephthalate electrode, a Pt mesh,
and an SCE were used as the working, counter and reference elec-
trodes, respectively [249].

Figure 2.14 Electrochemical deposition of Cu NPs on RGO. Electrochemical
experiments were performed by an electrochemical workstation (CHI600C, CH
Instrument Inc., U.S.) in a conventional three-electrode electrochemical cell.
The RGO electrode, a Pt mesh and an Ag/AgCl (3 M NaCl) electrode were used
as the working, counter and reference electrodes, respectively. (B) SEM image
of Cu electrodeposited on an RGO electrode in 50 mM CuSO, solution at -0.6
V. (C) SEM image of Cu electrodeposited on an RGO electrode in 10 mM CuSO,
solution at -0.6 V. Reprinted by permission from Ref. [246], Copyright 2011,
American Chemical Society.
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2.1.2.4 Ex situ methods

Graphene-NP composites can also be produced by the ex situ
assembly of NPs onto the graphene surface. In this method, the NPs
are synthesised in advance and then later attached to the surface
of the graphene sheets via linking agents which can utilise either
covalent or noncovalent interactions, including van der Waals
interactions, hydrogen bonding, m-m stacking, or electrostatic
interactions. Although this method requires more time and steps to
complete, it can offer a number of advantages when compared to in
situ growth. For instance, ex situ methods result in a significantly
narrower size distribution as well as better control over the size,
shape and density of the NPs which decorate the graphene sheets
while utilising self-assembly [250]. For the covalent attachment of
NPs, GO rather than RGO is preferred due to the large amount of
oxygen-containing groups on its surface, which can facilitate linkage
with other functional groups. A variety of NPs have been attached
to graphene using this method. Fan et al. [251] covalently attached
MNPs to GO by first modifying the Fe;0, NPs with tetraethyl
orthosilicate and (3-aminopropyl) triethoxysilane (APTES), thereby
introducing amino groups on its surface [251]. Next, these amino
groups were reacted with the carboxylic groups on the surface of GO
with the aid of 1-ethyl-3-(3- (dimethylamino)propyl)carbodiimide
(EDC) and N-hydroxy succinimide (NHS), resulting in the formation
of GO-Fe30, NP composites. Moreover, they demonstrated that
the GO could subsequently be reduced to RGO using NaBH, as the
reducing agent. Similarly, cadmium sulphide (CdS) QDs have been
immobilised covalently on GO nanosheets [252]. In this case, amino-
functionalised CdS QDs were first prepared by the modification
of the kinetic trapping method [253]. Next, GO nanosheets were
aceylated with thionyl chloride to introduce acyl chloride groups
on its surface. To covalently bond the QDs to the GO nanosheets,
an amidation reaction between the amino groups on the QDs and
the acyl chloride groups on the GO surface was performed. Finally,
noble metal NPs such as AuNPs have also been covalently attached
to graphene. Specifically, Ismaili et al. [254] demonstrated the light-
activated covalent formation of AuNPs on RGO. In this study, 4 nm
AuNPs were modified with a 3-aryl-3-(trifluoromethyl)-diazirine
functionality. Correspondingly, upon irradiation with wavelengths
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above 300 nm and in the presence of RGO, the terminal diazirine
group lost nitrogen to generate a reactive carbene which could then
undergo addition or insertion reactions with the functional groups
on graphene leading to covalent linkage.

Alternatively, NPs can be attached to graphene sheets via
noncovalent bonds, including van der Waals interactions, hydrogen
bonding, m-m stacking, and electrostatic interactions. Among these
noncovalent bonds, m-m stacking and electrostatic interactions have
been the most widely used. For m-m stacking, generally, aromatic
compounds are attached to the NP surface, which enables their
attachment to graphene via m-m stacking. For example, derivatives
of the pyrene molecule as well as pyrene-functionalised block
copolymers have provided an effective way for the noncovalent
functionalisation of carbon NMs, including graphene [255]. In
particular, pyrene groups have the ability to interact strongly
with the basal plane of graphene via m-m stacking. For example,
1-pyrenebutyric acid (PBA) is one of the simplest pyrene-containing
molecules attached to a carboxyl group. Resultantly, graphene sheets
functionalised with PBA become negatively charged allowing for the
attachment of positively charged NPs via electrostatic interaction
[256]. The use of pyrene-containing molecules has been reported
for various NPs. Examples include PBA, which was used to form
graphene-AuNP hybrids [192],and pyrene-grafted poly(acrylicacid),
which was used to form graphene-CdSe NP hybrids [257]. Pyridine
is another aromatic structure which has also seen significant use in
anchoring NPs such as Au [207, 258] and CdSe [259] NPs to the basal
planes of GO/RGO sheets via m-m stacking. Importantly, pyrene- or
pyridine-modified graphene sheets have a high loading capacity for
NPs, and the amount of NP assembling on the graphene sheets can
be easily modulated by controlling the feeding weight ratio of both
components [192, 260].

DNA molecules, which contain both purine and pyrimidine
bases, have also been used to mediate the fabrication of graphene-
NP composites. In particular, DNA is able to interact with graphene
via m-m stacking interactions as well as the surface binding model
wherein DNA electrostatically interacts with graphene basal planes,
which is similar to what is observed between single-stranded DNA
(ssDNA) and CNTs [260]. For instance, Liu et al. developed a strategy
wherein thiolated DNA oligos (d(GT),9SH) were first adsorbed onto
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GO sheets (DNA-GO) and then reduced by hydrazine to obtain DNA-
RGO sheets [261]. Consequently, the addition of a large excess of
6 nm AuNPs to a solution containing either DNA-GO or DNA-RGO
resulted in the formation of GO-AuNP and RGO-AuNP composites,
respectively. Similarly, Wang et al. [262] fabricated GO-AuNP and
GO-AgNP composites by first functionalising AuNPs or AgNPs with
DNA via didentate capping ligands and then assembling them onto
GO via m-m stacking interactions [262].

As mentioned previously, electrostatic interactions are also com-
monly used to modify graphene with various NPs as these provide
a facile and scalable method to form composite structures in a con-
trolled manner while avoiding conglomeration. GO and RGO have an
inherent negative charge as a result of the ionisation of the oxygen
functional groups on their surface. As such, they can be decorated
with positively charged inorganic NPs through electrostatic interac-
tions. For instance, graphene-metal oxide NP composites (e.g. RGO-
Fe;04 NP composites [263] and GO-MnO, NP composites [264])
have been formed by mixing positively charged metal oxide NPs with
negatively charged graphene nanosheets [263]. Similarly, graphene-
noble metal and other inorganic NPs have also been prepared in this
way. To this end, Lu et al. noncovalently decorated GO sheets with
positively charged aerosol Ag nanocrystals which were synthesised
from an arc plasma source using an electrostatic force-directed as-
sembly technique [265]. Moreover, reports have decorated graphene
with APTES-modified SiNPs [266]. Specifically, while the amine func-
tional groups of APTES can function to reduce GO and form covalent
bonds with RGO, APTES can also help disperse RGO and SiNPs due to
polar—polar interactions.

Finally, Deng et al. utilised a novel nontoxic synthetic method
wherein bovine serum albumin (BSA) was utilised for the fabrication
of graphene-NP composites, which could be composed of various
types of NPs (Au, Pt, Pd, Ag and polystyrene beads) [267]. In this
study, the use of BSA not only effectively reduced GO to RGO, but
also acted as a stabiliser to induce the attachment of NPs onto the
graphene surface (Fig. 2.15A). Specifically, BSA-GO/RGO conjugates
were first obtained via the adsorption of BSA onto the basal planes
of GO/RGO. Afterwards, the NPs were mixed in a solution containing
the BSA-GO/RGO conjugates overnight to form the final graphene-
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NP composites. Moreover, the density of NPs on the graphene-NP
composites could be controlled by simply changing the concentration
of BSA and NaCl during assembly (Fig. 2.15B-D). Similarly, Wang et
al. recently reported an inexpensive and unique green, synthetic
method for the production of Ag-GO nanocomposites which utilised
glucose as both the reducing and the stabilising agent, eliminating
the need for toxic reduction agents [268]. In particular, Wang et al.
demonstrated that AgNPs could be directly reduced from silver ions
on GO in a glucose solution.
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Figure 2.15 Protein-induced reduction and decoration of GO for the assembly
of multiple NPs. (A) General scheme depicting the BSA protein-based decoration
and reduction of GO, leading to a general nanoplatform for NP assembly. (B)
TEM images of AuNP decorated BSA-GO with well-controlled densities of
AuNPs. (B, C) AuNP densities were varied by increasing the concentrations
of BSA from 0.5 mg/mL (B) to 20 mg/mL (C), during the preparation of BSA-
GO. NaCl was omitted for the samples in (B, C). (D) AuNP density was further
increased (in comparison with (C)) by adding 0.1 M NaCl to the assembly system
as in (C). Reprinted by permission from Ref. [267], Copyright 2010, American
Chemical Society.
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2.1.3 Synthesis Methods of Graphene-Related
Nanohybrids

Graphene-based CMG and 3DG materials have been prepared by
various methods such as CVD of hydrocarbon on metal surface,
liquid-phase exfoliation of graphite, chemical reduction of GO, silver
mirror reaction, catalysis, in situ hydroxylation and sono sol-gel
route [269-290].

2.1.3.1 Vapour deposition and liquid-phase exfoliation
method

Nanohybrids of Ag/f-graphene/f-MWCNT and CuO/f-graphene can
beeasily prepared by CVD ofhydrocarbon onmetal surface. Hydrogen-
functionalised graphene (HEG) was prepared from GO during
exfoliation. As a result, most of the functional groups were removed
from graphene. Then the HEG and MWCNT were functionalised in
H,S0,and HNO; acid medium, which were used for Ag decoration. A
specified quantity of silver nitrate solution is generally added to the
above solution under stirring. After some time, a mixture of NaBH,
and NaOH was added drop wise to the above solution. Nanofluids
were synthesised by dispersing a specific amount of Ag(HEG/
MWCNT) in base fluids under ultrasound environment. Similarly,
they dispersed to other combinations of Ag/HEG/MWNT to form
hybrid nanofluids [269]. CMG materials are generally prepared by
the CVD method, e.g. platinum-based graphene-supported electro
catalyst for oxygen reduction reaction [291]. In order to extend the
advantage of CNT spacers, a 3D CNT/graphene sandwiched (CGS)
structure with CNT pillars grown between the graphene layers was
developed via the CVD process [271].

2.1.3.2 Catalysis

GO/MWCNT/Ni hybrid nanocomposites can be easily prepared
by solution-free green catalysis method [269] using focused
solar electromagnetic radiation. A fine powder of GO-f-MWCNT
composite was made by refluxing a 1:1 ratio of GO and f-MWCNT
in HNOj for 2 h followed by washing to neutral pH and drying. Then
stable nanofluids were prepared by dispersing the NMs in polar base
fluids [269].
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2.1.3.3 Polymerisation

Graphene-based hybrid polymer nanocomposites have been
prepared by various methods such as solution blending (e.g. PVA/
GO, PAA/GO, PAN/GO), melt mixing (e.g. PMMA/graphene, PP/
graphene, PC/graphene), and in situ polymerisation (e.g. PMMA/
GO, PP/GO, PE/graphene) [270]. The atom transfer radical
polymerisation (ATRP) method has also been employed to graft
poly(tert-butyl acrylate) (PtBA) from GO. The GO was reacted
with trichloro(4-chloromethylphenyl) silane to prepare the ATRP
initiator-coupled GO nanosheets. The modified GO particles were
then used as the initiator in the polymerisation of PtBA to give GO
nanosheets with covalently grafted PtBA. The grafted hydrophobic
polymer brushes produced a substantial enhancement of GO
solubility in organic solvents, and the GO-g-PtBA nanosheets formed
a stable dispersion in toluene. The functionalised GO nanosheets
were successfully integrated into an electroactive polymer matrix
and subsequently a composite material based on a thin film of
poly(3-hexylthiophene) (P3HT) containing 5 wt% GO-g-PtBA in an
Al/GO-g-PtBA+P3HT/indium tin oxide (ITO) sandwich structure,
where bi-stable electrical conductivity switching behaviour and a
nonvolatile electronic memory effect were observed. Finally, water-
dispersible GO-g-poly(acrylic acid) (PAA) nanosheets were prepared
by hydrolysis, allowing gold NP-decorated GO-g-PAA nanofilms to be
prepared from aqueous dispersions (Fig. 2.16)[274-290, 292, 293].

Figure 2.16 TEM images of (a) GO-g-PAA nanosheets, (b) AuNPs of 18 nm in
diameter and (c) GO-g-PAA nanosheets decorated with 18 nm AuNPs processed
from aqueous dispersions. The respective scale bars for (a), (b) and (c) are
200, 20 and 500 nm. Reprinted by permission from Ref. [292], Copyright 2010,
American Chemical Society.

2.1.3.4 Graphenisation

Many different types of synthesis methods have been developed
for preparing graphene-NPs composites, including three main
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strategies: pre-graphenisation, post-graphenisation and syn-
graphenisation. In the pre-graphenisation method, pre-synthesised
RGO is mixed with the NPs for hybrid composite manufacturing.
The incorporation of second-phase NPs and solubility of RGO in
various solvents are important considerations for the composite
preparation. The post-graphenisation method consists of thorough
mixing of separately prepared NPs and/or salt water soluble metal
precursors with GO suspension followed by the reduction to form
RGO/NPs composite. This synthesis technique has been used to
deposit metal NPs (e.g. Au, Pd, Pt, Ag), metal oxide NPs (Fe,03,
Fe304, Al,03, Sn0O,, NiO, MnO,, TiO,, ZnO, Cu,0 and Co30,) and
semiconducting NPs (CdSe, CdS, ZnS) on GO. The procedure consists
of mixing of respective metal salts (HAuCl,, K,PtCl,, K,PdCl, and
AgNO3) to GO suspension followed by reduction using hydrazine
monohydrate or sodium borohydride. Syn-graphenisation is often
called the one-pot approach in which the second components of the
composite act as a stabiliser for improving composite properties
[270]. Various composites based on functionalised graphene with
metals, semiconductors and metal oxides are summarised in Table
2.1.

Table 2.1 A summary of NP-decorated RGO composites and their proposed

applications
Graphenisation Synthesis step Application
Pre N-doped RGO + DMF + NaOH + Electrocatalytic
ethylene activity
glycol + H,PtClg + 6H,0 (methanol fuel cell)
(stirring at 160°C)

High-temperature reaction of = Magnetised RGO
ferric triacetylacetonate with
GO in 1-methyl-2-pyrrolidone

Nafion + glucose oxidase + Biosensor
chloroplatinic (amperometric
acid (H,PtClg, 6H,0) biosensor)
phosphate buffer

(K,HPO, + KH,PO,) + RGO

(Continued)
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Table 2.1

(Continued)

Graphenisation Synthesis step

Application

GO + H,S0,+ HNO3 + KClO;
reacted with
ODA thionyl chloride

H, electrochemical plasma
RGO + NaZPdC14 + L]C104
RGO + SnO, (obtained from
hydrolysis of Sn

Cl; + NaOH)
Cd(SA),/HDA/TOPO (in situ
growing)

RGO + ultrasonic spray
pyrolysis ZnO (LBL)
assembly

AuNPs deposited on top

of RGO (micro-patterning
method)

Showed potential

for utilisation in
plasmonics and
optoelectronic devices

Gas sensing

Lithium energy
storage

Optoelectronic device

Supercapacitor

Memory devices

Post

GO + CdSe + TOPO ligands

AuNPs formation by reduction

of Au ions in a gold salt
solution on the RGO films

GO + Fe3;0,4 + doxorubicin
hydrochloride

APS-modified NPs + GO >
encapsulating GO/NPs

GO + HCl + SnCI, + 60°C for 6 h

Ethylene glycol + metal
precursor (K,PtCly,

K,PdCl,, HAuCl, + H,0) 100°C
heat in oil bath

Ni(CH5C00), + DMF + GO >
crystal growth

on graphene Ni(OH),

Transparent film,
photo switching

Magnetic hybrid
graphene (drug
delivery)

Lithium storage
electrode
(capacitor)
Capacity behaviour

Metal nanocomposite
prevents restacking
graphene
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magnetic separation

Direct growing, two-step

method (TiO, + GO) + antanase

hydrothermal treatment

Mn30,4 on GO, two-step

Graphenisation Synthesis step Application
GO + Fe30, functionalising Magnetic hybrid
with TEOS, graphene
APTES, EDC, NHS and (heterogenous

catalysts and drug
delivery)

Photocatalytic activity
(solar cell and lithium
ion battery)

Lithium ion battery

57

method (Ni(OH), + GO, TiO, +
GO) + KMnO, = Mn(CH;C00),
+ DMF/H,0]

GO + TiCl3 + Na,S0O4 + H,0, Photocatalytic activity,

(self-assembly) p/n heterojunction
In situ growth, hydrothermal = Photoeletrochemical
treatment, 200-300°C, 2 hin cells, blue

furnace with N, luminescence (PL)
(optoelectronics and

biological labelling)

GO + Ti(OBu), + DEA + NH,OH Photoconductor for
+ H,0, (sol-gel process) ink print methods

Ti0, colloidal solution + GO Dye-sensitised solar
(UV light reaction) cell

TS CuPc + GO (hydrate heat 1 h Optoelectronics

at 90°C with stirring)

ZnO nanowire grown on

devices

Transparent and

RGO/PDMS substrate using flexible
hydrothermal method optoelectronics
TiO, + UV> + GO (became Chem/biological
RGO)> + Agion sensor

(photocatalytic methods)

TiO, + GO sheets Photoinactivation of
(photocatalytic reduction) bacteria in solar light
100 mW/cm? mercury lamp at irradiation

275,350, 660 nm

(Continued)
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Table 2.1 (Continued)

Graphenisation Synthesis step Application
GO + Co30,4 Di water + H,0, Catalytic effect for Al
centrifugation, perchlorate
HCl wash and vacuum oven decomposition

60°C for 3 days
GO + RuCl3 + NaOH (reduced  Electrochemical

at 150°C) capacitor and
supercapacitor
(energy storage)

CdTe + GO + molecular beacon Biomolecular sensor

+ abtamer

Ti0, colloidal solution + GO Photoactive devices

(UV light reduction)

TMOS + GO (sol-gel) Transparent
conductors

Syn Heating 75°C GO on —

3-aminopropyltriethoxysilane

+ AgNPs

GO + TiCl3 + H,0, in SDS Investigation Li ion

solution > self-assembly TiO,  insertion properties

DMSO reduction of GO an Optoelectronic device

deposing CdS

occur simultaneously

(solvothermal)

Cd(CH3C00), - 2H,0 + GO Photovoltaics

Zn(CH3C00), - 2H,0 + GO

(solvothermal)

Source: Reprinted with permission from Ref. [270].

Schematic illustrations of two-step Ni(OH), nanocrystal growth
on graphene sheets and GO are shown in Fig. 2.17A and Fig. 2.17B,
respectively. After the first step of the growth process (Ni precursor
coating), the same coating of Ni(OH),-0.75H,0 was obtained both
on GS and GO. After the second step (hydrothermal transformation),
however, the coating on GS diffused and recrystallised into large
single-crystalline hexagonal Ni(OH), nanoplates (Fig. 2.17C), while
the coating on GO remained as densely packed NPs pinned by the
functional groups and defects on the GO surface (Fig. 2.17D) [294].



Preparation Methods

A
Graphene
Sheet (GS)

1. Ni precursor
coating

% 2. Hydrothermal
transformation

Graphite Oxide

Sheet (GO) 1. Ni precursor

coating

2. Hydrothermal
transformation

Figure 2.17 Schematic illustration of two-step Ni(OH), nanocrystal growth on
(A) graphene sheets and (B) GO; (C) coating on GS diffused and recrystallised
into large single-crystalline hexagonal Ni(OH), nanoplates; (D) coating on GO
remained as densely packed NPs pinned by the functional groups and defects
on the GO surface. Reprinted by permission from Ref. [294], Copyright 2010,
American Chemical Society.

2.1.3.5 Sol-gel method

The sol-gel method has also been employed to fabricate graphene/
silica composite thin films for transparent conductors, consisting
of hydrolysis of tetramethyl orthosilicate in the presence of GO
suspension in water. This film was subsequently reduced in the
presence of hydrazine vapours for RGO/SiO, conductive composite
film. Recently, a modified sol-gel method was adopted for TiO,/GO
composite using blending of GO sheets with a titanium hydroxide-
based ionic salt, which was further reduced photo-catalytically [270,
294].

2.1.3.6 Reduction routes

Following are the reduction routes employed to prepare graphene-
based nanohybrids [270, 271, 293].

2.1.3.6.1 Chemical reduction

One of the most straightforward approaches to prepare graphene-
metal NP composites is the direct chemical reduction of the metal
precursors in the presence of GO or RGO suspensions. The first
graphene-AuNP composite was prepared by the reduction of AuCl,
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with NaBH, in an RGO-octadecylamine (ODA) solution. In addition
to AuNPs, PANPs supported on GO were prepared by bubbling
hydrogen through a suspension of Pd**-GO in ethanol, and the
obtained composites were used as catalysts in the Suzuki-Miyaura
coupling reaction [271, 272].

2.1.3.6.2 Ultraviolet light-assisted reduction

UV-assisted photocatalytic reduction of GO was also observed and
employed for composites of GO under UV in the presence of TiO,
NPs. This strategy avoids chemical reduction and maintains well-
dispersed TiO,-RGO in suspension. Under UV radiation, TiO, NPs
generate long lifetime electron-hole pairs. The generated holes are
scavenged, leaving electrons on TiO, surface and reduce the oxidised
groups on the GO surface (Fig. 2.18).

Figure 2.18 Schematic of TiO,—graphene composite and its response under
UV-excitons. Reprinted by permission from Ref. [295], Copyright 2008, American
Chemical Society.

The UV-assisted reduction is fast and straightforward but only
applicable to those NP systems which are sensitive to external light
irradiation, such as TiO, and ZnO [270, 295].

2.1.3.6.3 Photochemical reduction

As a green, facile and efficient synthetic route, photochemical
reduction can be applied as a supplement or alternative to the
chemical reagent-based reduction for the synthesis of graphene-
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metal NP composites. Fluorescent Au nanodots (NDs) on
octadecyl thiol (ODT)-coated RGO sheets were synthesised by the
photochemical reduction of HAuCl, in ethanol. These AuNDs self-
assemble into short ND-chains on RGO surfaces, along the <100>
direction of the RGO lattice. It is demonstrated that the organic
molecules with self-assembled patterns on graphene surface
can further direct the orientation and arrangement of the in situ
synthesised NPs [271].

2.1.3.6.4 Microwave-assisted reduction

In the microwave irradiation method, the formation of metal NPs
and the reduction of GO take place simultaneously, which allows for
large-scale and highly efficient production. Additionally, this method
can be applied to a number of metal precursors, such as those for
Cu, Pd, Au and Ag. For example, after a water suspension of RGO is
mixed with potassium permanganate powder by ultrasonication, the
mixture is heated in a household microwave oven for only 5 min to
obtain the graphene-MnO, NP composites [271].

2.1.3.7 Electroless metallisation

For the electroless deposition method, AgNPs are synthesised on
GO and RGO surfaces, by heating the GO or RGO films adsorbed on
3-aminopropyltriethoxysilane-modified Si/SiO, substrates in an
AgNOjzaqueous solution, without the use of any reduction agent and
surfactants [271].

2.1.3.8 In situ crystallisation

The in situ crystallisation approach has been considered one of the
most commonly used methods to synthesise composites of GO or
RGO and semiconductor NMs [271]. Graphene-CdS nanocomposites
were prepared by mixing GO and Cd(CH3;C00), in DMSO, which was
then heated in an autoclave at 180°C for 12 h. During the synthetic
process, the hydrothermal process results in the simultaneous
formation of CdS NPs and the reduction of GO to RGO in DMSO,
which acts as both the solvent and the sulphur source. Time-resolved
fluorescence spectroscopy data showed a picosecond ultrafast
electron transfer process from CdS NPs to the graphene sheet,
which demonstrates the potential optoelectronic application of this
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graphene-CdS hybrid material. In another work, graphene-Co30,
hybrid material was synthesised by reacting Co(NO3),-6H,0 and
ammonia solution in the presence of GO sheets, followed by drying
and heating at 450°C to resultin the graphene-Co30, nanocomposite
used for the Li ion battery application. The in situ crystallisation
approach is also applicable to the synthesis of many other types of
semiconductor nanostructures on graphene-based templates such
as MnO, nanoneedles, TiO, rods and SnO, NPs [271].

Generally, GO is insulated owing to the introduction of large
amounts of functional groups. The oxygen-containing functional
groups of GO are eliminated to restore the aromatic graphene
networks, which is necessary for obtaining graphene sheets. In
Fig. 2.19a, a two-step solvothermal procedure was developed to
synthesise graphene-MnOOH nanocomposites through reducing
GO-MnO, using ethylene glycol. Initially, GO sheets were decorated
randomly by the rod-like MnO, (the left image in Fig. 2.19b), where
a significant morphological transformation is observed after
solvothermal treatment with ethylene glycol [297].

() (b

| GO | |MnC]2-4H20 | | Isopropanol |
| |

|Ultras0nication (O.Sh)l | KMnO4| |Dl-wale

334°C
120°C(12h) 5 | AP +2%Ge-MnOOH |
S a0
Solvothermal ?3, 247°CV
| Collected | |Ethy1ene glycoll .L% AP +2%Ge 310°C 399°C |
‘a o
= | AP 313°c AT
Stirring(15min) — —y—
100 200 300 400
120°C(16h) Temperature(°C)

Solvothermal

Graphene-MnOOH

Figure 2.19 (a) Preparation procedure of graphene-MnOOH nanocomposites;
(b) TEM images of GO-MnO, and graphene—MnOOH nanocomposites; (c) DSC
curves for the thermal decomposition of AP, AP with 2% graphene, and AP with
2% graphene—MnOOH nanocomposites. Reprinted from Ref. [296], Copyright
2010, with permission from Elsevier.
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Therod-like MnO, transfers to particulate MnOOH with diameters
ranging from 20 to 80 nm. The dissolution-crystallisation mechanism
is speculated to be responsible for this process. Additionally, the
catalysis of as-obtained graphene-MnOOH nanocomposite on the
decomposition of ammonium perchlorate (AP) was displayed in
Fig. 2.19. With the addition of 2% graphene into the system, the
low hand high decomposition temperature decreased to 310 and
399°C, respectively, probably due to the catalytic action of graphene.
However, when graphene-MnOOH nanocomposites were added, the
two steps (LTD and HTD) blended into one process at 334°C with the
exothermic heat (1392 ]J/g) much larger than that of net AP and AP-
graphene composites (590 and 540 ]/g), revealing a good catalytic
effect [293, 296].

2.1.3.9 Solution mixing

Graphene-NP-based semiconductor nanocomposites are prepared
by the solution mixing approach. For example, commercialised TiO,
NPs were mixed with Nafion-coated graphene to fabricate graphene-
TiO, composites for dye-sensitised solar cell application, where the
Nafion served as a “glue” to tightly bind graphene sheets and NPs. A
solution of oleic acid-capped TiO, nanorods was prepared in toluene,
which was mixed with GO water suspension and stirred for 24 h. The
Ti0, nanorods were able to assemble on the GO surface at the water/
toluene interface [271].

2.1.3.10 Electrochemical deposition

A novel strategy used to prepare graphene-encapsulated metal
oxide hybrids has been developed. Negatively charged GO sheets
wrapped around the positively charged Coz0, NPs (modified by
aminopropyltrimethoxysilane, APS) were prepared through the
electrostatic interaction, where GO was chemically reduced to RGO.
The obtained composites were successfully used for the Li ion
battery application as shown in Fig. 2.20(A-C). Consequently, the
anode made from the graphene-Co30, NP composites showed a very
high reversible capacity of 1100 mA-h/g in the first 10 cycles, and
over 1000 mA-h/g after 130 cycles. Thin film-based applications
require post-synthetic deposition of the composite materials on
substrates by techniques such as spin-coating, drop casting and
transfer printing.

63



64

Fabrication, Functionalisation and Surface Modification
NH,

CH B
CH CH (1) APS Modification NH, NH,
CHOCH e N, NH,
CH - CH  APS-(CH;0);Si(CH),NH, NH NH,

2 NH,

(A)

Metal oxide

APS modified metal oxide

. 3 (2) Assembly
@ (3) Reduction
Graphene encapsulated Graphene oxide
metal oxide (GE-MO) (GO)

Do,
Tesmartengnsangsgantnnt s nnnnn

frrnrn., [ —
g T,

0 0 5 10 15 20 25 30
Cycle number —

Figure2.20 (A)Schematicillustration of fabrication of graphene-encapsulated
metal oxide NPs. (B) Typical SEM image of graphene-encapsulated Co30,. (C)
Cycle performance of graphene-encapsulated Co;0,. Reprinted by permission
from Ref. [297], Copyright 2010, John Wiley and Sons.

Therefore, the direct electrochemical deposition of NPs on
graphene-based substrates is an attractive approach to prepare
certain types of graphene-semiconductor NM hybrid films, such as
Zn0, Cu,0 and CdSe [271, 297].

2.1.4 Synthesis Methods of Graphene-Encapsulated NPs

Because of the flexible and 2D sheet-like nature of graphene and its
derivatives, these sheets can be easily used to wrap or encapsulate
NPs that range in diameter from 100 nm to several hundreds of
nanometres and even micrometres (Fig. 2.21). RGO sheets are the
most frequently utilised carbon material for the encapsulation of
NPs due to their slightly hydrophilic nature and the ease with which
small fractions of RGO can be fabricated. In particular, methods
used to fabricate graphene-encapsulated NPs typically utilise
noncovalent bonds. For instance, the most frequently used method
to encapsulate NPs with RGO consists of endowing the surface of the
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Figure 2.21 Fabrication process for graphene-coated NPs. Schematic diagram
of GO assembly on amine-functionalised NPs and TEM image of NPs coated
with GO (inset: zoomed-out TEM image of NPs coated with GO). Reprinted by
permission from Ref. [266b], Copyright 2011, John Wiley and Sons.

NP with a positive charge (e.g. by coating with APTES), resulting in
the strong attachment of RGO via electrostatic interaction [266b,
298]. By controlling the size of cracked RGO, a variety of NMs such
as polymer as well as inorganic, metal and metal oxide NPs can
be encapsulated by graphene/RGO to enhance their properties as
well as to obtain additional advantages. In terms of its benefits, the
encapsulation of NPs with graphene endows similar enhancements
in electrical, electrochemical and optical properties that were
observed for graphene-NP composites. However, due to the
characteristically strong negative charge of RGO, the encapsulation
of small NPs with RGO also results in the suppression of aggregation,
which is a major issue in many NP-based bioapplications [261, 299].
Moreover, because of the high degree of contact between graphene
and the encapsulated NP, which is significantly greater than that
seen in graphene-NP composites, graphene-encapsulated NPs are
very stable, thereby limiting the degree of exfoliation of the NPs
from graphene or vice versa [226].

Numerous reports have demonstrated the encapsulation
of metal oxide NPs with graphene. For example, Yang et al.
reported RGO-encapsulated cobalt oxide NPs (Co304). These RGO-
encapsulated Co;0, NPs exhibited a very high reversible capacity
(1000 mA-h/g) over 130 cycles, which was superior to normal
cobalt oxide NPs used for capacitors [298]. In particular, using
alternating current impedance measurements (30 cycles), Nyquist
plots were obtained wherein the diameter of the semicircle for
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RGO-encapsulated Co30, electrodes in the high-medium frequency
region was much smaller than that of bare Co30, electrodes. This
suggested that the RGO-encapsulated Co30, electrodes possessed
lower contact and charge-transfer impedances. Feng et al. [300]
also reported graphene-encapsulated TiO, nanospheres for efficient
photocatalysis due to their high specific surface area (133 m?/g).
Specifically, the resulting hybrid material was much more efficient
at decomposing rhodamine B (91%) than normal TiO, (65%)
due to the presence of graphene, which was beneficial for the
separation of photogenerated electrons and holes [300]. Similarly,
the performance of tin oxide (Sn0O;) NPs was also improved by the
encapsulation of individual aggregates with graphene, resulting
in excellent performance, including a charge capacity of 700
mA-h/g at the current density of 0.1 A/g and 423 mA-h/g after a
10-fold increase in the current density to 1 A/g in the 0.005-2 V
voltage window [301]. Finally, Lin et al. [302] recently created
RGO-encapsulated amine-functionalised Fe;0, MNPs to support Pt
catalysts. Specifically, after the Fe;0, NPs were functionalised with
APTES and coated with RGO, PtNPs were uniformly anchored by a
polyol reduction reaction and the GO was simultaneously reduced
to RGO. Resultantly, the electrochemical activity of the catalyst for
methanol oxidation was significantly improved. The authors claimed
that this was due to the accessibility of the PtNPs on the graphene
surface and the greatly enhanced electronic conductivity of the
underlying RGO-encapsulated Fe;0, NPs. Others have focused on
encapsulating metal NPs with graphene. For instance, Zhang et al.
recently reported an interesting material, a “graphene-veiled gold
nanostructure”. In this study, they used graphene as a passivation
nanosheet to prevent metal-molecule chemical interactions and
to control the spatial resolution of molecules to achieve sensitive
SERS signals from analytes of interest [61]. Kawasaki et al. have also
reported graphene-encapsulated cobalt nanomagnets, wherein the
cobalt NPs were first functionalised with benzylamine groups [303].
These 30 nm graphene-encapsulated NPs had a high specific surface
area of 15 m?/g and a high strength saturation magnetisation of
158 emu/g, which led to efficient extraction of analytes by magnetic
separation for surface-assisted laser desorption/ionisation mass
spectrometry (affinity SALDI-MS) analysis. In addition to the
above examples, our group recently reported a method to convert
nonconducting silicon oxide NPs into conducting RGO-encapsulated
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NPs, which could then be used as the “bridging-material” in a field-
effect transistor (FET)-based biosensor [266, 304]. Specifically, SiO,
NPs were functionalised with APTES, thereby imparting them with
a positive surface charge, which allowed for encapsulation with RGO
via electrostatic interaction (Fig. 2.22). In doing so, we were able to
prevent aggregation while maintaining a high electrical conductivity
and enhanced surface area for the detection of cancer markers.
Similarly, Zhou et al. [305] also encapsulated SiNPs with RGO via
electrostatic interaction, again using APTES [305].

A) ’

i Tube Furnace Filter

! Ultrasonic Exhaust
l atomizer

Figure 2.22 Crumpled graphene-encapsulated SiNPs. (A) Schematic drawing
illustrating aerosol-assisted capillary assembly of crumpled graphene—wrapped
SiNPs. Aqueous dispersion of GO and SiNPs was nebulised to create a mist
of aerosol droplets, which were passed through a preheated tube furnace.
During evaporation, GO sheets first migrated to the surface of the droplets
and then tightly wrapped the Si particles upon complete evaporation. (B) SEM
image showing the crumpled capsules of graphene-wrapped Si. Reprinted by
permission from Ref. [306], Copyright 2012, American Chemical Society.
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As a consequence of encapsulation, the SiNPs exhibited less
aggregation and destruction than pristine SiNPs and acted as an
outstanding electrode, exhibiting high reversible capacity (902
mA-h/g after 100 cycles at 300 mA/g). On the other hand, pristine
SiNPs exhibited an initial discharge capacity of 3220 mA-h/g, which
dropped to 13 mA-h/g after only 50 cycles. Finally, while electrostatic
interaction has been the most commonly used method to form
graphene-encapsulated NPs, Luo et al. reported an innovative
method to fabricate graphene-encapsulated NPs via a facile and
scalable, capillary-driven aerosol droplet method. Specifically, in a
typical experiment, SiNPs in an aqueous suspension were directly
added to a dispersion of micrometre-sized GO sheets. Nebulisation
of the colloidal mixture resulted in the formation of aerosol droplets,
which were blown through a preheated tube furnace at 600°C with
an N, carrier gas (Fig. 2.22A). As a result, during the process of
evaporation, the amphiphilic GO sheets migrated to the surface of
the droplets to form a shell, and as the droplets evaporated further,
the GO shell collapsed forming a “crumpled” shell around the SiNPs
(Fig. 2.22B) [306].

2.2 Functionalisation Steps

2.2.1 External Electric Field, Edge Functionalisations
and Doping of GNRs

Owing to the novel edge states and the resulting edge reactivity,
zigzag GNRs can exhibit a variety of electronic properties with
possibilities of finely tuning the electronic structures by external
electric field, edge functionalisation and doping.

2.2.1.1 External field

DFT studies [307-309] revealed that the semiconducting zigzag
GNRs can be turned into half-metals when exposed to an external
field, which is caused by the opposite responses of the band gaps to
the electric field for the up and down spins. With applied transverse
electric field, the degeneracy between the occupied and unoccupied
edge state bands at Ej for the two spin orientations is destroyed,
and the band gap for one spin orientation is narrowed, while the



Functionalisation Steps

gap for another spin orientation is widened, resulting in conducting
behaviour for one spin and insulating behaviour for the other spin
under an appropriate critical electric field. The critical electric field
for achieving half-metallicity in zigzag GNRs decreases as the width
increases because the electrostatic potential difference between
the two edges is proportional to the system size. In the case of an
8-chain zigzag GNR, the required critical field is 2 V/nm. Similar to
single-layer zigzag GNRs, the band gap of bilayer zigzag GNRs is also
sensitive to the external field, and a semiconducting half-metallic
transition can be induced [310].

2.2.1.2 Edge functionalisation

Recent theoretical studies have suggested that half-metallicity of
zigzag GNRs can be realised by functionalising with a donor and
an acceptor on either edge to create an effective potential gradient
or by introducing a spin-polarised impurity state at the Fermi level
through hybrid modification at one edge. The edge-modified zigzag
GNRs with CH; group at one edge and NO, group at the other edge
are half-metals [311]. For 8-zigzag GNRs with decorated CH3NO,
pair, the band gap near the Fermi level experiences a metallic spin-
down channel and a semiconducting spin-up channel, and the spin
density mainly distributes on the edge carbon atoms (Fig. 2.23).
The observed half-metallicity is still preserved even at lower CH;
and NO, concentration on the wider zigzag edges. Wu et al. [312]
suggested that half-metallicity in zigzag GNRs can also be achieved
by modifying one edge with hybrid X groups (X = SO,, NO, or CN)
and hydrogen (H) atoms.

GNRs edge terminated with O, S, F, NH, and OH groups have also
been theoretically studied [313-319]. These edge functionalisations
offer effective routes to control the electronic and spin transports of
zigzag GNRs.

2.2.1.3 Substitutional doping at the edge

The two free edges of GNRs serve as effective and active sites for
substitutional doping. By simply replacing the C atoms at the
edges with different types of dopants at different sections, one can
selectively control the electronic and transport properties of GNRs
[320-323]. The dangling bonds at the edge C atom of GNRs are
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Figure 2.23 Band structure (left) and spin density (right) of 8-zigzag GNR
with modified CH;—NO, pair. Red and blue represent spin-up and spin-down
channel, respectively. Reprinted by permission from Ref. [308], Copyright 2011,
American Chemical Society.

typically saturated by H atoms, yet an alternative way is to substitute
the edge C atoms with B or N dopants [324]. The substitutional B
atoms at the nanoribbon edges play a role of scattering centres and
can suppress the metallic bands near the Fermi level, giving rise to
a semiconducting system [325]. The zigzag GNRs with B doping on
both edges are stabilised as a ferromagnetic ground state and show
half-metallic behaviour irrespective of the ribbon width. However,
doping N atoms at both zigzag edges stabilises the system as an
antiferromagnetic ground state and shows metallic behaviours
[308].

Based on spin-unrestricted DFT computations, Li et al. [326]
investigated the effects of N-doping defects on the electronic and
magnetic properties of zigzag GNRs. One substitutional N atom
shows the maximum stability when located at the C site of the
ribbon edge, as compared with those interior sites. Such single N
atom doping can remove the spin polarisation on the doped edge,
while the spin polarisation on the undoped edge is less influenced
(Fig. 2.24a), and the doped 10-zigzag GNR is converted to be a spin
gapless semiconductor with vanished density of states around the
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Fermi level, where the conduction band minimum (CBM) of the spin-
up channel and the valence band maximum (VBM) of the spin-down
channel touch each other at the Fermi level, and the gap is, therefore,
closed.

. Energy/eV
<)

pyrrole N
Figure 2.24 Band structure (upper) and spin density distribution (lower) for
different kinds of N-doping in 10-zigzag GNR: (a) single and (b) double N-doping
on the edge C atoms; (c, d, e) pyridine-like and (f) pyrrole-like N-doping.
Reprinted by permission from Ref. [326], Copyright 2009, American Chemical
Society.

Spin gapless semiconductors are quiet promising candidates for
spin devices, since no energy is required to excite the electrons from
valence band to the conduction band, and the excited electrons can
achieve 100% spin polarisation, like half-metals. When the second N
atom is substituted for C atom, the two doped N atoms are preferably
localised at two opposite edges, and the spin polarisations on both
edges are fully suppressed, making the 10-zigzag GNR become
a nonmagnetic metal (Fig. 2.24b). Two special N-doping defects,
namely the pyridine-like N-doping (constructed by creating C or
C-C vacancy and substituting the nearest C atoms with N atoms, or
directly substituting the edge C-H bond with an N atom) and pyrrole-
like N-doping (constructed by creating C-C vacancy and substituting
the two nearest C atoms with N atoms, and the remaining two nearest
C atoms are substituted by one N-H bond), also prefer to form
near the ribbon edges. These two kinds of N-doping also break the
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degeneracy of the two edge states due to the presence of defects, and
the resulting doped zigzag GNRs are spin gapless semiconductors or
half-metals.

2.2.1.4 Isoelectronic BN9 pair doping

The structural hybridisation by substituting the graphene C-C chains
with isoelectronic BN chains at the edge or inner sites of GNRs also
achieves significant tuning on the electronic transmission of GNRs
[327-332]. For BN-embedded zigzag GNRs, a gradual replacement of
the zigzag C-C chains in the middle part of the ribbon by zigzag B-N
chains transforms the system finally to the zigzag BN nanoribbons,
and the electronic structures vary accordingly with the doping
concentration [327]. At a high doping concentration, the hybrid
nanoribbons with terminated polyacene C chains at the edge and all
the substituted B-N chains in the internal part act as half-metallic
antiferromagnets for all the widths. The Lewis acid character of
boron is identified to be responsible for the charge transfer from the
adjacent C atoms to the B atoms, resulting in an interface potential
gradient analogous to the effect of external electric field and invoking
the half-metallicity in the hybrid systems.

2.2.1.5 Atomic and molecular adsorption

Metal adatoms adsorbed on the surface of GNRs can induce
spontaneous magnetism and novel electronic behaviours [333-
335]. When Ni lies along the edge of zigzag GNRs, many resonant
peaks, relating to the change of magnetisation, appear within an
energy interval of +2 eV with respect to the Fermi level [333]. Fe
and Ti adsorption on the edge of armchair GNRs can convert the
ribbons into half-metals with 100% spin polarisations at the Fermi
level [334]. After adsorbing the main-group adatoms (C, B or N),
the antiferromagnetism of pristine zigzag GNRs is transformed into
ferrimagnetism [336]. At the experimental side, the trapping of
Au atoms at the graphene edges has been observed by aberration-
corrected TEM techniques [337].

Similar to graphene, the hole and electron doping in GNRs can
also be successfully done by molecular charge transfer using strong
donor or acceptor molecules adsorbed on their surface [338-340].
Without the aid of large external electric fields, the zigzag GNRs can
be driven into half-metals by surface deposition with a critical cover-
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age of ferroelectric polymer, poly(vinylidenefluoride) (PVDF), which
arises from the electrostatic potential on the zigzag GNR induced by
the strong dipole moments of PVDFs [341]. Therefore, as in the case
of graphene, doping offers a large amount of appreciable and effec-
tive ways to manipulate the electronic and magnetic properties of
GNRs with myriads of possible nanodevice applications.

2.2.2 Functionalisation of GO

GO-related materials possess plentiful and reactive oxygen-
containing functional groups. These oxygen species are the reactive
sites and susceptible to various chemical reactions and surface
modifications, via either covalent or noncovalent functionalisation
or surface transition metal adsorption.

2.2.2.1 Covalent functionalisation

Different functional groups have their unique selectivity in specific
chemical reactions [342], which offers site selectivity for covalent
functionalisations. The carboxylic acid groups located at the GO
edge are mainly utilised in chemical reactions such as amidation and
esterification. Taken as examples, the porphyrin and fullerene units
have been covalently grafted through robust amide bonds at the
periphery carboxylic sites of GO (Fig. 2.25a) [343], and the assembled
hybrid materials offer superior performances than any of the
separated components in enhancing the nonlinear optical properties
in the nanosecond regime. Few-layer graphene nanosheets could
be covalently functionalised via ester linkages between carboxylic
acid moieties on the nanosheets and hydroxyl groups on poly(vinyl
alcohol) (PVA) (Fig. 2.25b) [344], and the resulting products were
demonstrated to increase the solubility and dispersibility in organic
solvents to form a stable solution, which enabled characterisations
in terms of solution-phase techniques. The epoxy groups on the basal
planes of GO can be modified by nucleophilic ring-opening reactions.
Yang etal. [345] reported the covalent attachment of NH,-terminated
ionic liquid (1-(3-aminopropyl)-3-methylimidazolium bromide;
IL-NH2) onto the basal plane of GO platelet by ring-opening at the
epoxy site (Fig. 2.25c). The chemically converted graphene sheets
were stably dispersed in solvents such as water, DMF and DMSO.
Likewise, the solid-phase dispersibility of chemically converted
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Figure2.25 (a)Synthesis schemes of covalently functionalised GO by porphyrin
and fullerene units. Reprinted by permission from Ref. [343], Copyright 2009,
American Chemical Society. (b) Functionalisation via esterification between
the carboxylic acid moieties in oxidised carbon nanosheets and hydroxyl
groups in poly (vinyl alcohol). Reproduced from Ref. [344] with permission of
The Royal Society of Chemistry. (c) lllustration of the preparation of covalently
functionalised GO by ionic liquid 1-(3-aminopropyl)-3-methylimidazolium
bromide. Reproduced from Ref. [345] with permission of The Royal Society of
Chemistry. (d) Representations of boronic ester and GOF formation. Idealised
GO framework (GOF) materials proposed are formed of layers of GO connected
by benzenedi-boric acid pillars. Reprinted by permission from Ref. [347],
Copyright 2010, John Wiley and Sons.

graphene nanosheets was stabilised via covalent grafting by
3-amino-propyltriethoxysilane (APTS). The resulting functionalised
composite can enhance the mechanical properties of silica monoliths
as reinforcing component after its incorporation into the silica
matrix [346]. The surface hydroxyl groups of GO sheets can also
engage in reactions. For example, the interlayer boron ester bonds
formed by the surface hydroxyl groups of GO and diboronic acids can
lead to the formation of a new layered 3D GO framework (GOF) (Fig.
2.25d) [347]. Such GO framework can have tunable pore widths,
volumes and binding sites depending on the chosen linkers, and
exhibits hydrogen uptake properties. The covalently functionalised
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GO demonstrates great potentials in biological applications. Lots of
efforts have been made towards constructing hybrids of biological
and carbon nanocomposites due to their paramount importance in
both biosensing and drug delivery [348]. Polyethylene glycol (PEG)
can be covalently grafted onto the carboxyl groups of GO sheets.

The branched PEG-grafted nanoscale GO (NGO) sheets (PEG-
NGO) demonstrate intrinsic photoluminescence in the near-infrared
range and have a unique ability of loading various types of insoluble,
aromatic drug molecules, thus may perform as useful nanocarriers
for cancer-drug delivery [349]. The straight-chain PEG-modified GO
sheets with fluorescein functionalisation serve as a fluorescence
probe for intracellular imaging [350]. Wang et al. [351] developed
an intracellular protease sensor for living-cell caspase-3 detection
based on the covalent conjugation of GO and peptide substrate with
fluorophore labels. The antibodies immobilised on the GO array via
an amidation reaction are demonstrated to be useful in rotavirus
detection [352].

2.2.2.2 Noncovalent functionalisation

GO can be noncovalently functionalised by organic and biological
molecules via m-m bonds and hydrogen bond interactions [353-
355]. A GO-doxorubicin hydrochloride (DXR) hybrid material was
prepared via a simple noncovalent method [356]. The pH-dependent
loading and releasing behaviour of DXR on GO may be due to the
hydrogen bonding between -OH and -CO,H groups of GO and -OH
and -NH, groups in DXR. At the same time, the fluorescence spectrum
and electrochemical characterisation suggested that strong m-m
stacking interactions also existed between them. Lu et al. [357]
reported the noncovalent binding between GO and dye-labelled
single-stranded DNA (ssDNA) and showed that this hybrid complex
holds a robust platform for fast, selective and sensitive detection for
DNA or thrombin (Fig. 2.26). The strong adsorption of dye-labelled
ssDNA on GO can result in up to 97% fluorescence quenching due
to electron transfer from fluorophore excited states to the 7 system
of GO. With the addition of target (DNA or protein molecule), the
configuration of ssDNA can be altered due to the ssDNA-target
binding and consequently disturb the interaction between ssDNA
and GO, resulting in the release of dye-labelled DNA from the GO and
restoration of dye fluorescence.

75



76

Fabrication, Functionalisation and Surface Modification

ssDNA  dve
NN

NS\

 target
GO HNiNH-olig;
e =carbon = =oxygen e=hydrogen FAM= NAcq04
OH

Figure 2.26 Schematic representation of the target-induced fluorescence
change of the ssDNA-FAM-GO complex. FAM is the fluorescein-based
fluorescent dye. Reprinted by permission from Ref. [357], Copyright 2009, John
Wiley and Sons.

Wang et al. [358] constructed an intracellular biosensor by
employing GO nanosheets as the efficient cargo and protector of
DNA (oligonucleotides), and using the designed DNA-adsorbed GO
nanocomplex for cellular delivery of genes and in situ molecular
probing of adenosine triphosphate (ATP).

2.2.2.3 Transition metal adsorption

The surface -OH and epoxy groups are active sites for anchoring the
under-coordinated transition metals. Wang et al. [359] suggested
that Ti atoms could bind strongly to the oxygen sites of the
experimentally accessible GO with binding energy as high as 450 k] /
mol. The Ti-anchored GO not only forms a stable motif but also acts
as an excellent substrate for hydrogen storage. Besides Ti, Fe atom
can also be anchored onto the epoxy sites of GO [360]. The high-
diffusion barrier of Fe atom on the GO precludes the issue of metal
clustering, and the strong binding strength between them assures
the structural stability of the Fe-GO system. Similar to the case of
Fe-embedded graphene, the Fe-anchored GO also demonstrated a
good catalytic performance for the CO oxidation with O, to form CO,
[360].

2.2.2.4 Through diazonium salt reaction

The patterned graphane/graphene hybrid superlattices can be
functionalised by controllably exchanging the surface C-H bonds
with C-C bonds through diazonium salt reaction [361].
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Figure 2.27 Controllable exchange of sp? C—H bonds with sp® C-C bonds using
4-bromo phenyldiazonium tetrafluoroborate. (a) Schematic illustration of the
fabrication of sp3 C—C exchanged superlattices and subsequent fluorescence
quenching microscopy (FQM) imaging. (b) TEM image of diazonium-
functionalised graphene film covering a TEM grid with four suspended
areas shown. The scale bar in (b) is 0.5 um. (c) SAED pattern of diazonium-
functionalised graphene. (d—f) FQM images of diazonium-functionalised
graphene superlattices. The dye molecules used in FQM are rhodamine B in (d),
fluorescein isothiocyanate (FITC) in (e) and fluorescein sodium in (f). The scale
bars in (d) to (f) are 50 um. (g) XPS of samples containing different percentages
of 4-bromophenylene functionality by tuning the hydrogenation process. The
bromine content could be controlled from 0 to 3.5%. Reprinted by permission
from Macmillan Publishers Ltd: Nature Communications, Ref. [361], Copyright
2011.

The selectively hydrogenated graphane/graphene domains
were fabricated by first defining a pattern on the graphene films
via conventional photolithography and then hydrogenating the
exposed area of graphene. Hydrogenation activates the basal plane
of graphene, and the subsequent reaction towards diazonium
functionalisation (4-bromophenyldiazonium tetrafluoroborate) is
most likely to go through a free radical mechanism. The TEM image
(Fig. 2.27) and selected area electron diffraction pattern prove that
the graphene sample is maintained after the chemical treatment of
hydrogenation and diazonium reaction. Fluorescence quenching
microscopy (FQM) revealed the same diazonium-functionalised
graphene superlattices with different dye molecules. Typically, the
dark areas are pristine graphene, which more efficiently quenches
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the fluorescence of the thin top dye layer, and the bright areas are
graphane or diazonium-functionalised domainssinceits fluorescence
quenching ability is much weaker than in graphene due to its loss
of conjugation. By tuning the extent of hydrogenation, the grafted
Br-containing functional groups with density ranging between 0.4%
and 3.5% can be achieved. This two-step route with controlled
covalent functionalisation on the basal plane holds potential for
engineering the electronic and chemical properties of graphene and
might be promising for specifically patterned optoelectronic and
sensor devices.

2.3 Surface Modification Methods

Forefrontresearch on graphene is mainly pushed by active materials,
which has progressed to next-generation graphene-related NMs.
These materials are divided into two main categories [42, 46]:
() chemically modified graphene (CMG) and (ii) 3D graphene
architectures (3DG). In CMG materials, carbon atoms of graphene
sheets are replaced by other atoms of N, B, S, P or entire functional
groups. In 3DG materials, graphene or CMG sheets are assembled
together to form 3D interconnected networks or highly complex
nano-objects. Graphene sheets can be functionalised by chemical
and electrochemical surface modification [43, 45], which give CMG
and 3DG NMs.

2.3.1 Chemical Modification of Surface

Pristine graphene materials are unsuitable for intercalation with
polymer chains because bulk graphene has a pronounced tendency
to agglomerate in a polymer matrix. Chemical functionalisation
of graphene-related NM is an attractive target because it can tune
its stability, electronic and magnetic properties and improve the
solubility, processability and interactions with organic polymers.
Doping of graphene-related NM is done for tuning their different
properties. Doping can be done by various techniques. Graphene
can be organochemically modified by different approaches
[43-45, 59] such as reduction of GO, covalent modification of
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graphene, noncovalent functionalisation of graphene, nucleophilic
substitution, diazonium salt coupling and adsorption of metal.
Reduction of GO is carried in a stabilised medium; e.g. KOH-treated
GO can be modified with hydroxyl, epoxy or carboxylic acid groups.
Covalent modification of graphene is done by using lithium reagents,
isocynates and di-isocynates to reduce the hydrophilic character
of GO, e.g. chitosan functionalised GO and CNT [47, 362-363] for
biological and medical applications. GO nanoplatelets can be also
functionalised by polysodium styrene sulphonate, which is an
example of noncovalent functionalisation [47, 59]. Amine-modified
GO is an example of nucleophilic substitution. GO can be reduced by
hydrazine and treated by aryl diazonium salts, which is an example
of diazonium salt coupling. Atoms of transition metals such as Ti and
Fe can be anchored to adsorb on the surface of GO. Derivatives of
graphane can be fabricated by changing the substrate atoms (C, Si,
Ge, P) and the surface atoms (H, -OH, -NH,, He, Li, Fe, Mn, all VIl A
group elements) [59].

2.3.2 Electrochemical Modification of Surface

A colloidal suspension of graphene can be prepared from
electrochemically modified graphite [43]. In this electrochemical
reaction of 30 min, a commercial graphite electrode was used as a
cathode and immersed in a phase-separated mixture of water and
imidazolium-based ionic liquids. A constant potential of 10-20 V
was applied across the electrodes, so that ionic liquid functionalised
graphene sheets can be precipitated from the anode. Ahomogeneous
dispersion of 1 mg/ml was prepared by ultrasonication process
using functionalised and dried graphene sheets in DMF. These types
of graphene dispersions show a Tyndall effect [55].

2.3.3 n—mtInteraction

It is reported that graphene can be modified by considering
the 77 interaction between the 7z orbitals of graphene and
poly(isopropylacrylamide) in the presence of water [43]. Water-
dispersible graphene can be produced by ultrasonication in an ice
bath. Another example of 7-7 interaction is graphene with pyrene
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derivative soluble in DMF [45]. Graphene can be incorporated with
metal NPs. This may keep graphene sheets in de-aggregated form
during the reduction of GO [45].

2.4 Conclusion and Perspectives

Due to distinct characteristics of graphene, its applications focus
mainly on electronics, molecular gas sensors and energy storage. As
aresult, the massive production of high quality graphene is required.
The production of graphene in decagram scale with high purity can
be achieved by the arc-discharge method. Deposition of graphene
on catalysts has been also demonstrated using thermal CVD process.
Monolayer graphene can be formed on catalyst through the surface
catalytic pyrolysis of carbon-containing precursors. It can be
transferred to arbitrary substrates via a transfer process with or
without support media. A color contrast using optical microscope
and Raman spectroscopy is useful for distinguishing the number of
graphene layers. So, the graphene morphology is closely dependent
on the catalyst material, for selection of right catalyst. A CVD plays
an important role in graphene fabrication for supply of high-quality
large-size graphene sheets with massive production. The versatility
of CVD grown graphene polymer nanocomposites suggests their
potential application in automotive, electronics, aerospace and
packaging. However, a lack of effective methods for scalable
graphene production, which translates as higher costs, results in
difficult manipulation of graphene sheets in processing due to its
extremely low bulk density. The lack of local sites or tensioned
bonds on the graphene sheets to anchor functional moieties make
it more processable and compatible with other materials. The
main drawback of GO is the disruption of the sp? network that can
transform it into a completely insulating material. Irreversible sp?
defects are created under strongly oxidizing conditions, worsening
the final properties of graphene. Considerable efforts have been
made in the functionalisation of pristine graphene and expanded
graphite for polymer nanocomposites in order to obtain materials
with higher performance.
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Chapter 3

Characteristic Properties

Graphene is known as conductive nanofiller due to remarkable and
excellent characteristic properties such as high surface area, aspect
ratio, electrical conductivity, thermal conductivity, low coefficient
of thermal expansion, tensile strength, flexibility, EMI shielding
ability and transparency. These intrinsic properties have generated
enormous interest for development of “graphenium” devices
with high speed and radio frequency logic devices, thermally and
electrically conducting nanocomposite materials, electronic circuits,
ultra-thin carbon films, sensors, transparent and flexible electrodes
for displays and solar cells. Graphene sheets have shown various
characteristic properties which are mainly dependent on fabrication
methods, surface modification and functionalisation [1-11].

3.1 Size, Shape, Surface Morphology and
Structure

The graphene honeycomb lattice consists of two equivalent sub-
lattices made of carbon atoms bonded together with 6-bonds. Each
carbon atom has & orbital that contributes to a delocalized network
of electrons. This 3D graphene can have ‘defects’ like topological
shapes (pentagons, heptagons or their combination), edges,
vacancies, adatoms, cracks and adsorbed impurities [12]. Graphone
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formation can be observed when half of the carbon atoms are
hydrogenated, when strong o bonds are formed between the carbon
and hydrogen atoms. These o bonds are due to the usual m bonding
network of metallic and nonmagnetic 2D graphene sheets which can
causes the electrons on the unbonded carbon-hydrogen atoms that
make them localized and unpaired [13].

The well controlled and ordered metal oxide (SnO,, SiO,, NiO,
MnO,)/graphene nanocomposites were prepared by ternary self-
assembly approach. Self-assembly of metal oxides, surfactants
and graphene for LIB electrodes were used to prepare graphene
nanocomposites. The high concentration of RGO (30-60 wt%)
with anionic surfactant was used to develop layered metal oxide-
graphene composite film electrolyte, as shown in Fig. 3.1 [2, 14].

(b)

(d)

Figure 3.1 Schematic illustrations of metal oxide—graphene nanocomposites.
(a) Adsorption of surfactant hemimicelles on the surfaces of the graphene
stacks. (b) The self-assembly of anionic sulphonate surfactant on the graphene
surface with oppositely charged metal cation (e.g. Sn?*) species and the
transition into the lamella mesophase towards the formation of SnO, graphene
nanocomposites. (c) Metal oxide—graphene layered nanocomposites composed
of alternating layers of metal oxide nanocrystals and graphene/graphene stacks.
(d) Self-assembled hexagonal nanostructure of metal oxide precursor (e.g.
silicate) with nonionic surfactants on graphene stacks. Reprinted by permission
from Ref. [14], Copyright 2010, American Chemical Society.
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Aggregation of NPs during the charge-discharge cycle can be
avoided by a new strategy consisting encapsulated metal oxide
particles by graphene sheets (Fig. 3.2). Encapsulation was carried
out through the co-assembly of negatively charged GO with positively
charged oxide NPs using electrostatic attraction [2, 15].

200 nm

Figure 3.2 (A) SEM and (B) TEM micrographs of graphene-encapsulated silica
spheres. Reprinted by permission from Ref. [15], Copyright 2010, John Wiley
and Sons.

Figure 3.3(A) clearly shows Au-NDs self-assemble into short ND-
chains on RGO surfaces, alongthe <1 0 0 > direction of the RGO lattice.
Ag NPs were synthesised on surfaces of GO and RGO, by heating their
films adsorbed on 3-aminopropyltriethoxysilane (APTES)-modified
Si/SiOx substrates in AgNO; aqueous solution. The number of
pristine graphene layers were observed which showed a direct
impact on the particle size and density of thermally evaporated Au
NPs, i.e. the particle size was observed to be decreased and density
was observed to be increased with increasing layer numbers of the
graphene film as shown in Figs. 3.3(C,D) [3, 17, 18]. Figure 3.4(a)
shows that transparent 2D carbon sheets were decorated thickly
by the silver particles. The monolayer carbon nanosheets were
observed to be thin because it was difficult to distinguish them with
the carbon-supported films on the copper grid. However, the edges
and crumpled silk waves of these carbon sheets indicated that these
NPs were indeed deposited on supports. Figures 3.4(c,d) show that
that these as-synthesised silver NP films can be able to restack and
large amounts of silver NPs assembled on the 2D substrates.
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Figure 3.3 (A) Transmission electron microscopy (TEM) micrograph of ODT-
capped AuNPs synthesised in situ and assembled on RGO surface. Inset of (A)
is a high-resolution TEM image of an AuNP. Reprinted by permission from Ref.
[16], Copyright 2010, John Wiley and Sons. (B) Scanning electron microscopy
(SEM) micrographs of AgNPs densely grown on GO sheets. Reprinted by
permission from Ref. [17], Copyright 2009, American Chemical Society. (C)
AuNPs on monolayer, bilayer and trilayer graphene, respectively. (D) Statistics
of the size and density of AuUNPs on n-layer graphenes. Figs. (C) and (D) reprinted
by permission from Ref. [18], Copyright 2010, American Chemical Society.

The negative charged functional groups have been used as
anchors for adsorbing the polar materials as well as inorganic
NPs. Ag(NH3)?* as a positive ion interact easily with the negative
graphene sheets through electrostatic forces. The in situ reduction
of these ions by glucose allows anchoring of these silver NPs onto
the surface, and some anchored onto the edges of the GO sheets [4,
19].

Figures 3.5(a-d) show the analysis of TEM, FESEM and DSC
results of GO-Co304nanocomposites. Exfoliated GO sheets have been
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decorated randomly by uniform spherical in situ formed particles
of about 100 nm in size. Figure 3.5(a) shows the dark field TEM
micrographs of GO-Coz;0, nanocomposites, amongst them some
of the nano-Co30,4 was observed brighter than the ones enveloped
by a thin film. This was due to the fact, i.e. the functional groups,
especially hydroxyl and epoxy groups appear on both sides of the
GO sheet, and thereby in situ formed Co30, could anchor on both
sides. Figure 3.5(d) shows that when individual GO was added
then two exothermic peaks of AP were appeared, along with a new
exothermic peak at 360 °C. The exothermic heat of the two steps was
also observed to be larger than that of AP due to the catalytic effect
of GO. The Co30, and GO-Co304 composites reduced temperature
of both LTD and HTD and hence made the two step blend into one
process. The decomposition temperature of AP with 2wt% Co30,
(296 °C) was observed to be close to that of AP with 2wt% GO-
Co304 (303 °C). However, the former exothermic quantity (1127 |/
gm) was observed to be much lower than that of the latter (504 ]/
gm). Therefore, the concerted effect of the individual components
for the catalysis of decomposition of AP, the addition of GO-Co30,
brought down the decomposition temperature and also increased
the exothermic heat of AP, indicating good catalytic properties [10,
19, 20].

Figure 3.4 TEM (a,b) and FESEM (c,d) micrographs of silver NPs on GO sheets.
Reprinted by permission from Ref. [19], Copyright 2009, John Wiley and Sons.
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Figure 3.5 TEM (a,c), FESEM (b) images of GO-Co3;0, nanocomposites; (d) DSC
curves for the decomposition of AP, AP with 2% GO, AP with 2% Co;0, and AP
with 2% Co30,-GO nanocomposites. Reproduced from Ref. [20] with permission
of The Royal Society of Chemistry.

Figure3.6 TEM images of RGO nanoplatelets decorated with (a) Pd, (b) Cu and
(c) CuPd NPs. Reproduced from Ref. [21] with permission of The Royal Society
of Chemistry.

The high affinity of palladium to graphene was observed due to
the partial covalent nature of binding between Pd and graphene. In
the case that a metal salt such as palladium nitrate, copper nitrate,
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or a mixture was present in the aquatic phase together with GO. The
analogous metal NPs were observed to be deposited on the RGO
nanoplatelets (Fig. 3.6) [10, 21]. The in situ prepared composites
showed a good exfoliation of GO and homogeneous dispersion in PP
matrix (Fig. 3.7) [22], with high electrical conductivity.

Figure 3.7 (A) PP/GO nanocomposite powder as obtained after coagulation in
ethanol (containing 0.1 M HCI). (B) SEM images obtained from fracture surface
of neat PP without GO. (C-E) SEM images obtained from fracture surface of
composite samples of 0.42, 1.52 and 4.90 wt%, respectively, GO loadings.
(F) TEM image of sample PP1 with 0.96 wt% of GO (the inset showing the
measured electron diffraction pattern). (G) TEM image of sample PP3 with 1.52
wt% of GO. (H) TEM image of sample PP4 with 4.90 wt% of GO. Reprinted by
permission from Ref. [22], Copyright 2010, American Chemical Society.

The in situ polymerisation has also been widely used for proper
dispersion of graphite-based layered structures, such as expanded
graphite and graphite oxide, in a polymer matrix [23-25]. The in situ
polymerisation generally increases interlayer spacing and exfoliates
the layered structures of graphite into graphite nanoplates by the
intercalation of monomers. These can't generate polymers after
polymerisation, producing well-dispersed graphene in a polymer
matrix. A variety of composites, such as PANI-GO/PANI-graphene
[26], graphene nanosheets/CNT/polyaniline [27] and PANI-GO [28]
have been prepared by this approach.
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3.2 Mechanical Properties

Unnecessary strain of devices can affect on their performance and
life. Generally, applying external stress on crystalline material could
alter inter atomic distances, which can result in the redistribution,
in local electronic charge. This could also introduce a band gap in
electronic structure and modify the electron transport property.
Graphene has the highest elastic modulus and strength. A single
defect free graphene layer possesses the highest intrinsic tensile
strength with stiffness similar to graphite [29-31]. Compressive
and tensile strain in graphene layer can be estimated using Raman
spectroscopy by monitoring change in the G and 2D peaks with
applied stress. The splitting of the G peak and red shift was observed
with increasing in strain, while the 2D peak with red shift was
observed without splitting for small strains 0.8% [32]. Ni et al.
[30] observed the opposite behavior for epitaxial graphene on SiC
substrate and found the blue shift in all the Raman bands for the
epitaxial graphene as compared to that of the micromechanically
cleaved graphene because of the compressive stress in grown
graphene. The strain on graphene may change electronic band
structure, which is the indication that the energy band gap can be
tuned by introducing the controlled strain. The band gap tuning was
well reported under uniaxial strain [33].

Mechanical property such as Young’s modulus of the defect free
graphene was reported to be 1 TPa, while fractural strength was
reported to be 130 GPa. Elastic modulus of chemically modified
graphene was reported of 0.25 TPa. While, maximum elastic modulus
and fracture strength of “GO platelets paper” were reported as ~32
GPa and 120 GPa, respectively. Graphdiyne has been reported as
softer material than graphyne or graphene. It has a plane stiffness of
120 N/m and Young’'s modulus of 375 GPa [12, 13, 34-37].

A single/three-layer graphene deposited on flexible polyethylene
terephthalate (PET) showed uniaxial tensile strain (up to 0.8%)
after stretching the PET in one direction. The band gap of 0.25 eV
was reported under the highest strain (0.78%) for the single-layer
graphene. This uniaxial strain affected the electronic properties
of graphene because it breaks the bonds of CAC lattice. Enhanced
mechanical properties such as elastic modulus and tensile strength
of graphene sheets have also given the attention of researchers,
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scientists and academia. The graphene reinforced polymer
nanocomposites have been employed to explore the intrinsic
strength (125 GPa) and elastic modulus (1.1 TPa). This indicates
that the mechanical properties are dependent on the reinforcement
phase concentration and distribution in the host matrix, interface
bonding, reinforcement phase aspect ratio, etc., e.g. an increase in
tensile strength of the graphene-PS composite is illustrated in Fig.
3.8, which represents an enhancement in the mechanical properties
of the composite due to effective load transfer between graphene
and polymer [38].
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Figure 3.8 Stress—strain curves of the pristine PS and their nanocomposite
films with different contents of graphene sheets. (b) Change in Young’s modulus
and tensile strength with increasing graphene content. Reproduced from Ref.
[38] with permission of The Royal Society of Chemistry.

Although the pristine graphene has the highest theoretical
strength, the presence of functional groups on the GO surfaces has
high level of dispersion in polar solvents and water. The improved
GO/polymer interaction provides high molecular level dispersion
and enhanced interfacial interaction, which can lead to high
mechanical properties to graphene polymer nanocomposites. GO-
PVA composite showed an enhancement of 76% and 62% in elastic
modulus and strength, respectively, with polymer containing 0.7
wt% GO sheets [39]. Xu et al. [40] observed a similar trend for GO-
PVA composite films with layered structures prepared by vacuum
filtration [40]. The chemically reduced GO (CRG) and thermally
reduced GO (TRG) are different with each other, the presence of
defects in the carbon lattice arise due to the reduction process, which
has an adverse effect on the mechanical properties [39, 41, 42]. High
surface defects and wrinkles in TRG reinforced in poly (ethylene-2,6-
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naphthalate) (PEN) were observed, which indicated a small increase
in tensile properties as compared to that of the graphite reinforced
PEN.

Graphene-based composites have already shown animprovement
in the stiffness and the mechanical strength using graphene as
filler [39, 43-46]. Other mechanical properties, fracture toughness,
fatigue and impact strength of the graphene reinforced composites
were also investigated and studied [47-50]. Graphene reinforced
Nayon-12 composites have shown the significant improvement in
tensile strength (by 35%) and elongation atbreak (by 200%) with 0.6
wt% addition of graphene filler. An improvement in Klc and impact
failure energy was reported as 72% and 175%, respectively. It was
reported that the graphene filler suppressed the crack propagation
in the epoxy polymer matrix. The improvement in fracture and
fatigue resistance was observed after reinforcing the CNT and NPs,
but two orders of magnitude lower weight fraction of graphene
nanofiller was achieved with the same degree of reinforcement [47].
The superior mechanical properties of composite made of graphene
platelets over CNTs was related to their high specific surface area,
enhanced nanofiller matrix adhesion/interlocking arising from their
wrinkled (rough) surface and 2D flat geometry [50].

3.3 Electrical and Electrochemical Properties

Few-layer graphene and carbon NPs can show semiconducting or
insulating behaviour with little change in their resistance in the
temperature range of 100 to 373 K. The resistivity was found to be
increasing sharply below temperature of 50 K. But, if the graphene
is heated to high temperatures then this might decrease, e.g. GNRs
and palladium sheets sandwiched between graphene sheets, which
possess superconducting nature and it can be used as an electrode
material for SCs [13, 37].

Pristine graphene is a two-dimensional honeycomb carbon
lattice with zero gap semiconducting material. The sp?-hybridised
carbon atoms are arranged in hexagonal fashion in 2D layer and
a single hexagonal ring comprises of three strong in-plane sigma
bonds P, orbitals perpendicular to the planes. Generally, graphene
layers are bonded by weak P, interaction and strong in-plane bonds
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keep hexagonal structures stable and facilitate de-lamination of 3D
structure of graphite into individual graphene sheet just by applying
mechanical stress only. A scotch tape method for investigation of
many fundamental properties of this 2D crystal, micromechanically,
creates a defect free single layer of graphene sheet and provides a
2D platform. A highly unusual nature of charge carriers, is one of
the most interesting aspects of the graphene, which behaves as mass
less relativistic particles (Dirac fermions). Dirac fermions behaviour
is very abnormal as compared to electrons when subjected to
magnetic fields such as the anomalous integer quantum Hall effect
(QHE). This effect was also observed at room temperature [51-53].
Graphene possesses distinctive nature of its charge carriers, which
mimic relativistic particles. It has been considered as electrons
those have lost their rest mass, it is better described with (2 + 1)
dimensional Dirac equation [54].

The electrical characterisation of the as-synthesised GO and
RGO, both in chemical and thermal route were conducted using
two-probe current (I)-voltage (V) measurement and also by three
terminal field-effect transistor (FET) devices. As-fabricated GO
was found to be insulating because of the presence of the oxidised
functional group. The controlled reduction (i.e. thermal or chemical)
process resulted in removal of oxidised group providing electrically
conductivity to GO. Although, many oxidised groups were removed
during reduction process, and remaining oxidised groups limited
for electron transport properties of the RGO sheets. The transport
properties were characterised by comparing the conductivity values
and field-effect mobility values. The conductivity values can be
calculated using the following Eq. (3.1), where R indicates the total
resistance and t indicates the sheet’s thickness.

6=(Rt)?! (3.1)

The conductivity of RGO was reported to be varied from 0.05 to
500 S/cm depending on the degree of reduction, which is the ratio
of the graphitic regions (sp?) to oxidised regions (sp3). Few layered
RGO sheets (<5 nm) were studied by Jung et al., who compared the
conductivity with different reduction processes such as chemical,
thermal and a combination of chemical /thermal approach [55].

111



112

Characteristic Properties

(a) (b) Oxygen (at.%)
300 - 30 20 10
1 L) 1
1o LS
250 4 i & /
£ 10° L S =
> 200 4 | - .
= 0 0
£ ] 10 .\Q% P
£ 150 - o
S 14 3 SL
E 6 107" <& & | [
5 100 ] ¥ H ®Reduced GO
104+ . ] JPC Graphene -
= I i .~ Graphene
50 4 103 . .
I
0 1077704 05 06 07 08 09 10
Thermal Chemical Chemical + Thermal - § . 708 0 :
sp? fraction

Figure 3.9 (a) Conductivity of single sheets of GO reduced thermal reduction,
chemical reduction and combined chemical/thermal reduction. Reprinted
by permission from Ref. [55], Copyright 2008, American Chemical Society. (b)
Conductivity of TRG as a function of the sp? carbon fraction. The vertical dashed
line indicates the percolation threshold of 0.6 at sp?. Fitting of the experimental
data reveals two different regimes for electrical transport with sp? fraction.
Tunnelling and/or hopping (straight dashed line) mechanisms dominates at
sp? fractions below 0.6, while percolation amongst the sp? clusters dominates
above the percolation threshold. The 100% sp? materials are polycrystalline (PC)
graphite and graphene. The two conductivity values are indicating for doped
by gating (upper triangle) and intrinsic graphene (lower triangle). Reprinted by
permission from Ref. [56], Copyright 2009, John Wiley and Sons.

The graphene samples were treated by a combined chemical/
thermal reduction which displayed five times higher conductivity
(300 S/m) as compared to the samples prepared by chemical or
thermal reduction (Fig. 3.9a). Mattevi et al. investigated the role of
graphitic domain (sp?) fraction on the conductivity of RGO sheets
using thermal reduction process (as shown in Fig. 3.9b) [56]. It
was reported that the conductivity can be tuned over 12 orders of
magnitude by tuning the sp? fraction through oxidation and reduction
processes. It can also be seen from here that the conductivity of RGO
sheets can be brought to that of pristine graphene if sp? fraction is
increased to more than 0.9 [56]. The thermal reduction is effective
for RGO thin film (>5 nm), but only on the top few layers of GO film
[57]. This is the indication of that chemical reduction process which
could be more effective to achieve high electrical conductivity of
the RGO thin film followed by thermal treatments. The conductivity
and mobility values of RGO were reported to be low compared as
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compared to that of pristine graphene (200,000 cm?/V-s). The several
reasons were considered for poor performance in RGO sheets, such
as (i) the charge percolation was limited by disconnected network of
delocalized tracks in the sheets due to remaining oxidised functional
groups and (ii) defects in the graphene sheets produced during
the reduction process. The trapped state retards charge carrier
dissociation on defect sites. Therefore, it controls the initial stages of
reduction and oxidation of RGO sheets required for developing the
high quality RGO devices.

A high electrical conductivity is the most fascinating property of
graphene. When graphene is used as fillers with insulating polymer,
it may greatly enhance the electrical conductivity of the polymer
composites. Various factors (the aggregation of filler, the presence of
functional groups on graphene sheets, concentration of filers, aspect
ratio of the graphene sheets, inter-sheet junction, distribution in the
matrix, wrinkles and folds, processing methods), were corroborated,
that influenced the electrical conductivity and the percolation
threshold of the graphene composite. The pristine graphene has
been reported with the highest conductivity; however, difficulty
was reported in producing a large amount by mechanical exfoliation
which limits its use and compels to rely on CRG and TRG. Although,
GO is electrically insulating, the thermal reduction eliminates
the oxygen functional groups and partially restores the electrical
conductivity, which make the reduced GO as suitable conductive
filler for composite. Reduced GO sheets provide a conductive path
for the electron even when the concentration of the conductive
filler is above the percolation threshold. The lowest electrical
percolation threshold (of 0.1 vol%) of graphene has been reported
for the hydrazine reduced PS-isocyanate treated GO mixture [58].
A TRG has higher electrical conductivity than CRG due to absence
of oxygenated functional groups. Thus, polymer composites with
TRG may show a better electrical conductivity than that with CRG
one. Various polymer matrices such as polyurethane, epoxy [59],
polyaniline, polyamide [60], PVDF, PVA [61] and polycarbonate [62]
reinforced with CRG, TRG and GO reinforcement have been studied
in the past few years. These graphene-based composite materials
can be used for electromagnetic shielding [63], sensors, photovoltaic
devices and as a conducting paint. The pristine graphene offers a
great electrical and transport properties, but the application is
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limited due to its poor dispersion into individual sheet in the polymer
matrix. Therefore, functionalisation of graphene sheets may provide
better improvement in dispersion in a polymer matrix, which can
be helpful for improving the mechanical properties. Attaching the
foreign molecules may change the charge transport properties.

An electrical percolation reinforcement of TRG in polycarbonate
was reported to be required only 0.66 vol% in the composite
prepared by melt extrusion, and the TRG remained highly exfoliated
throughout the polymer matrix as compared to graphite in polymer
matrix [64]. An alignment of the TRG sheets has noticeable effect
on electrical conductivity of the polymer composites. The squeezed
films were injection moulded using polycarbonate/TRG samples,
which have shown lower conductivity than the annealed disks. A
similar composite system (polycarbonate/graphene) was studied
by emulsion mixing and solution blending followed by compression
moulding [62], which exhibited lower electrical percolation
threshold of 0.14 and 0.38 vol% respectively, as compared to
composites prepared by injection moulded composites [64]. The
low percolation threshold and high electrical conductivity were
observed due to single and few layer graphene sheets the wrapped
around the polycarbonate microsphere, which generated a high
conductive path for electrons.

The electrical conductivity of the TRG-based PVDF
nanocomposites was affected by temperature [65]. TRG-PVDF
nanocomposites showed a decrease in electrical resistance with
temperature (negative temperature coefficient) as compared to
the increased resistance (positive temperature coefficient, PTC) of
the expanded graphite-PVDF composite. This behavior of the TRG-
based composite was due to the high aspect ratio of graphene which
leads to contact resistance predominating over tunnelling resistance.
Tunable PTC of resistance was observed in graphene nanosheets/
polyethylene composites during isothermally treatment at 180 °C
for different time interval, which was due to the low viscosity of
the polymer matrix that helped in graphene sheets migration and
weakened the overlapping conductive joints of graphene sheets
[66].

The electrocatalytic activity of methanol oxidation on carbon
black- and graphene-supported Pt and Pt-Ru-based catalysts NPs
was characterised by cyclic voltammetry in an electrolyte of 1 M
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CH30H and 0.5 M H,S0,4 at 50 mV/s. Graphene-supported Pt-based
catalysts NPs had a higher activity for methanol oxidation and also a
better tolerance to CO in comparison to carbon black-supported Pt-
based catalysts NPs (Fig. 3.10).
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Figure 3.10 Electrocatalytic activity of graphene/carbon black—supported Pt
and Pt—Ru-based catalysts NPs for methanol oxidation: cyclic voltammograms of
Pt-based catalysts NPs (a) and Pt—Ru-based catalysts NPs (c) in 1 M CH;0H/0.5
M H,SO, at 50 mV/s between —0.3 V and +1.0 V vs. Ag/AgCl; and the relationship
of peak current density vs. scan rate for Pt-based catalysts NPs (b) and Pt—Ru-
based catalysts NPs (d). Reproduced from Ref. [4], Copyright 2011, INTECH.

The results suggested that graphene plays a critical role in
promoting methanol oxidation of Pt-based catalysts NPs. The ratio
of the forward anodic peak current density (IF) to the reverse anodic
peak current density (IR) can be used to describe the tolerance of
Pt-based catalysts NPs to CO and other carbonaceous species.
Graphene-supported Pt-based catalysts NPs had have a ratio of 6.52,
which was much higher than carbon black-supported Pt NPs (1.39),
and results suggested that graphene-supported Pt-based catalysts
NPs generate a more complete oxidation of methanol to carbon
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dioxide. As shown in Fig. 3.10(c), the addition of Ru-based catalysts
NPs resulted in a negative shift of oxidation potential of methanol at
both electrodes with the decreasing of Iy and the increase of the I
to Iy ratio. The oxidation peak potential of methanol was observed
at 0.50 V as compared to an oxidation of 0.65 V for graphene-Pt-
based catalysts NPs. This observation suggested that the presence
of Ru-based catalysts NPs can significantly decrease the barrier to
methanol oxidation and hence Pt-Ru-based catalysts NPs perform
in a better way than Pt-based catalysts NPs. Conversely, the results
indicated that graphene-supported Pt-Ru-based catalysts NPs may
be an ideal candidate for direct methanol fuel cell electrodes. For
graphene electrodes especially, there is no obvious reverse peak was
observed, as shown in Fig. 3.10(b). As shown in Figs. 3.10(b,d), for all
graphene- and carbon black-supported Pt and Pt-Ru-based catalysts
NPs, the forward oxidation current density (IF) is proportional to
the square root of the scan rate, which suggested that the oxidation
behavior of methanol at all electrodes can be controlled by diffusion
processes. The slopes for graphene supports are larger than those
for carbon black, which indicated of a faster diffusion process of
methanol on the surfaces of graphene sheets than that for methanol
on the carbon black substrate [4].

3.4 Thermal Properties

Thermal conductivity (k) of graphene is generally dominated by
phonon transport, which is also known diffusive conduction at high
temperature and ballistic conduction at low temperature. A thermal
conductivity of monolayer graphene was reported to be ~ 6000
W/m-K, which is considered higher than that of graphitic carbon.
Thermal conductivity of CVD growth graphene was reported to be ~
2500 W/m-Kat900 Kand 1400 W/m-K at 1046 K. The heat capacity
of graphane was reported to be 29.32 £ 0.23 ] /mol-K, which is 14.8%
higher than the graphene [12, 34, 36, 67, 68].

The enhancement in thermal conductivity was observed with
increasing volume fractions of graphene hybrid NPs and also
with increasing the temperature, which is due to the high thermal
conductivity of graphene and copper oxide NPs. The hybrid
nanostructures of MWCNT/f-HEG dispersed in water-based hybrid
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nanofluid showed an enhancement of 20% in thermal conductivity
for 0.05% vol of f-HEG. An enhancement in thermal conductivity
of fMWCNT/f-HEG (2% for 0.08% volume fraction) and of f-HEG
(1% for 0.08% volume fraction) was observed. The Ag/MWCNT-
HEG dispersed in ethylene glycol-based hybrid nanofluid also
showed an improvement in the thermal conductivity due to the high
thermal conductivity of Ag NPs as well as the low stacking effect
of graphene layers. The high thermal transport characteristics of
graphene-MWCNT-based hybrid nanofluids were ascribed to the
high aspect ratio of MWCNT and graphene, which can turn and
form tightly bonded clusters, suppressing the interface resistance,
that are excellent additives to attain high thermal conductivity. High
thermally conductive MWCNTs act as connecting network between
the graphene sheets to avoid the stacking of graphene sheets and
high thermal conductivity of Ag NPs increases the overall surface
area of the resulting nanofluid [1].

Graphene has been envisioned for applications in electronic
devices. A thermal management is one of the key factors for
better performance and reliability of the electronic components. A
considerable amount of heat generates during the device operation
which needs to be dissipated. Carbon allotropes such as graphite,
diamond and CNTs have already shown higher thermal conductivity
due to strong CAC covalent bonds and phonon scattering. CNTs are
also known for having the highest thermal conductivity of 3000
W/mK (for MWCNT) at room temperature [69] and 3500 W/mK
(for SWCNT) [70]. But, a large thermal contact resistance was the
main issue with CNTs-based semiconductor. Recently, the highest
thermal conductivity was reported up to 5000 W/mK at room
temperature for the single-layer pure defect free graphene, whereas
for supported graphene conductivity was reported to be 600 W/
mK. Conductivity of the graphene on various supports is needed to
be studied much, but their effect was predicted by Klemens [71].
Thermal conductivity was reported within the range of 3000-5000
W/mK at room temperature.

A new approach was used to determine the thermal conductivity
of a thin atomic layer of graphene, which is shown in Fig. 3.11
[73]. A suspended graphene layer was heated by laser light (488
nm), the heat propagated laterally towards the sinks on corner
side of the flakes. The temperature change was determined by
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measuring the shift in the graphene G peak using confocal micro-
Raman spectroscopy, which acted as a thermometer. The thermal
conductivity was affected by various factors such as defects
edge scattering [73] and isotopic doping [74]. These factors are
detrimental to the conductivity which is due to phonon scattering at
defect and phonons modes localisation due to the doping.
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Figure 3.11 (a) High-resolution SEM image of the suspended graphene flakes.
(b) Schematic of the experimental setup for measuring the thermal conductivity
of graphene. Reprinted from Ref. [72], with permission from AIP Publishing.

Thermal conductivity (j) of the material is generally governed by
the lattice vibrations (phonon). The 2D structure of graphene has
already shown highest thermal conductivity (3000 W/m-K) [75],
which make them an excellent candidate for various polymer matrices
to enhance the heat transport. The polymer composites with good
thermal conductivity have shown potential applications in heat sink,
electronic circuit boards and light weight high performance thermal
management systems. An enhancement in thermal conductivity of
nanocomposites was not like electrical conductivity similar to the
highest thermal conductivity of the graphene sheets. This is due to
the contrast of thermal conductivity which is of the order of 4 in
comparison to the electrical conductivity having the order of 15-19.

An improvement in thermal conductivity was demonstrated
for various polymer matrices reinforced with expanded graphite
and multilayer graphene sheets, e.g. epoxy [76-80], PVC [81],
polypropylene (PP) [82] and polyethylene (PE) nanocomposites.
Most of the studies are focused on the epoxy matrix and graphite
nanoplatelets (GNPs) for thermal conductivity of the polymer
composites. Haddon and co-workers [76] prepared GNPs from
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natural graphite by the acid intercalation followed with the exfoliation
by means of rapid thermal shock. The GNPs were dispersed in epoxy
matrix which showed thermal conductivity up to 6.44 W/mK at 25
vol% of GNP loading, which is considered higher than the neat epoxy.
The effect of orientation of GNPs on thermal properties was studied
by Drzal and co-workers [82]. The coefficient of thermal expansion
(CTE) was measured along the longitudinal and the transverse
direction of the flow of the melt during injection molding for GNP-
PP composite. They found that 3 vol% of GNPs loading reduced the
CTE of PP by 20-25% in both transverse and longitudinal directions.
The thermal conductivity of 25 vol% GNP in PP was reported to
be 1.2-1.5 W/mK, which is six times higher than that of virgin PP.
In an effort of keeping high aspect ratio and good dispersion of
GNPs in polymer matrix during processing, Veca et al. [83] used
reinforced graphite in epoxy matrix, in which the expanded graphite
was exfoliated into graphene sheets using alcohol and oxidative
acid treatment by simultaneous stir and vigorous sonication. This
treatment was facilitated with well dispersion of the graphene
sheets with a thickness of less than 10 nm in epoxy matrix. The
thermal conductivity properties of the resulting epoxy composites
were reported highly anisotropic with a large ratio between the in-
plane and cross-plane thermal conductivities. The 33 vol% loading
of graphene nanosheets showed thermal conductivity of 80 W/m-K.
The conductivity was observed to be increased linearly with addition
of nanosheets due to the reduced interfacial thermal resistance. Yu et
al. proposed a hybrid of CNT and GNPs in polymer matrix to reduce
interfacial phonon scattering [84]. He used SWCNT and GNPS filler
and combined in epoxy to achieve a synergistic effect in the thermal
conductivity enhancement of the composite. An enhancement
was originated from the bridging of planar nanoplatelets by the
SWCNT, which decreased the thermal interface resistance due to the
extended area of the SWCNT-GNP junctions. The composites were
optimised by adding SWCNT-GNP hybrid filler loading in the range
of 10-20 wt% and the ratio of filler SWCNT/GNP was kept around
1:3, which had shown the highest thermal conductivity (1.75 W/
mK). Yang et al. [77] demonstrated the synergistic effect of graphene
platelets and MWCNT in improving thermal conductivity of the
epoxy nanocomposites. The stacking of GNP was inhibited by the
MWCNTs and their long tortuous feature bridge adjacent to GNPs,
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which resulted in high contact area between hybrid and polymer
matrix. Thermal conductivity was observed to be increased by 147%
after addition of 1 wt% (MWCNT:GNP ratio of 1:9).

3.5 Electronic, Optical and Magnetic Properties

Graphene is a 2D semiconductor material with a zero band gap.
The first Brillouin zone has two equivalent points, known as Dirac
points, where a band crossing occurs. A tight-binding interaction
with first neighbour graphene sheet provides the dispersion
relation to the electrons near to the Dirac points [10-12, 36, 85, 86].
Graphyne nanoribbons possess the band gaps in the semiconductor
range of 0.59-1.25 eV and widths of 1 repeat unit to 8 repeat units.
Graphdyne has strain free value of 0.47 eV, which can act as semi-
conductive material [13].

The electronic properties of GO depend on the oxidation level
and chemical composition, and tuning the relative fraction of sp? and
sp? carbon regions by removal or addition of the oxidation groups
offers great possibilities for tailoring the electronic structures of
GO. GOs are electrically insulating in nature due to the disruption
of the delocalized m-electron conjugated networks and also due to
direct optical band gap of ~3eV [87]. Eda et al. [88] revealed that
the electric transport properties of GO undergoes the insulator-
semiconductor-semimetal evolution as a function of reduction
treatment, where the transport gap ranges from 10 to 50 meV
and approaches to zero with extensive reduction. The theoretical
computations of GO structures, with ordered oxidation groups,
reveal that the band gap increases with enhancing the O-containing
ratios. Yan et al. [89] obtained variable band gaps ranging from 0.2
to 4.2 eV by varying the oxidation coverage and the amount of epoxy
and hydroxyl functional groups on the GO surface.

The electronic properties of GNRs depend on their widths and
edge topologies. GNRs, with bare edges and the zigzag edges due
to the presence of strong dangling bonds, were observed to be less
stable than GNRs with armchair edges and a planar reconstruction
into pentagon-heptagon configurations occurs under ambient
conditions [90]. Hydrogen saturation was used to stabilise both
zigzag and armchair edges [91]. It has been reported that armchair
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GNRs are non-magnetic semiconductors, while zigzag GNRs are
metallic or semiconducting in nature depending on the edge spin
orientation. Density functional theory (DFT) computations of
graphene revealed that the zigzag GNRs with anti-ferromagnetic
configuration is energetically favoured as the ground-state over
the ferromagnetic (FM) configuration with same spin orientation
between the two edges [92]. The FM zigzag GNRs are metallic by
contrast. Armchair and antiferromagnetic zigzag GNRs, with their
band gaps, have an inverse dependence with increasing ribbon
widths [93]. Hybrid GNRs, can be formed by joining the armchair
or zigzag segments via rotating the cutting direction [94, 95]. These
hybrid GNRs have irregular edge morphologies with a mixture of
armchair and zigzag heterojunctions, e.g. wedge-like zigzag/zigzag
(zigzag/armchair) junctions [96, 97] and chevron-like armchair/
armchair junctions. FG was studied since 1993, due to the large
experimental availability of graphite monofluoride. The formation
energy of FG (-0.808 eV) was reported to be much larger than that
of graphane (-0.097 eV), which indicates the higher stability of FG.

The sp3-hybridised C-C and C-F bond length was reported to be
1.58 and 1.37 A for FG. Similar to graphane and other fluorocarbons
(e.g. perfluorohexane), FG was reported to have a wide-band-
gap semiconductor with a direct gap of 3.0-4.2 eV predicted by
LDA or GGA [98-102]. GW predicted value was much larger than
the obtained experimental band gap (3-4 eV). The experimental
value of the Young's modulus (~100 N/m) was reported to be
half lower than that predicted from first-principles computations
(ie. ~228 N/m) [103]. These inconsistencies were attributed
due to the incomplete fluorination of graphene in the presence of
structure defects e.g. missing F atoms. Both 1D zigzag and armchair
fluoroGNRs (fully fluorinated GNRs), similar to GNRs, are all non-
magnetic semiconductors with width-dependant band gaps, but the
band gaps of fluoroGNRs were observed to be smaller than that of
the corresponding GNRs with the same width [104].

Partially fluorinated GNREs, i.e. the hybrid armchair FG-GNRs are
non-magnetic semiconductors, while the hybrid zigzag FG-GNRs
with F-terminated graphene edges are half-semiconductors. In these
partially fluorinated GNRs where the two zigzag graphene edges
adoptan antiferromagnetic coupling state, and the two spin channels
have different band gaps. The electronic properties of hybrid zigzag
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FG-GNRs can be easily tuned by edge chemical modification or by
controlling the width of fluorinated graphene. Theoretical studies
suggested that the electronic properties of FG can be tuned in a large
scale to explore its technological applications. Surface adsorption of
K or Li atoms can lead to charge transfer and electron doping of FG,
while adsorption with Au introduces deep levels within the band
gap without charge transfer [105]. Li et al. [106] found the presence
of weak interactions for tuning the electronic structures of graphane
and FG (Fig. 3.12).
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Figure3.12 (a) Diagram of G/FG bilayer with the E-field. The positive direction
of E-field is denoted by two arrows and the infinitely extended direction of G/
FG bilayer is perpendicular to that of E-field. (b) Binding energy of G/FG bilayer
and charge transfer from FG to graphane as a function of E-field. The negative
charge transfer denotes that charges are transferred from graphane to FG. (c)
Energy gap of G/FG bilayer as a function of E-field. Reprinted by permission
from Ref. [106], Copyright 2012, American Chemical Society.

The graphane/FGbilayer composites can form C-H-:-F-Chydrogen
bonding, and hence the binding strength which can be enhanced by
applying an external electric field. The graphane/FG bilayer exhibits
a band gap (0.5 eV) lower than those of individual graphane and FG.
The band gap of graphane/FG bilayer can be modulated by changing
the direction and strength of electric field, correspondingly causing
a semiconductor-metal transition. The -C=C- groups present in
graphyne or graphdiyne make the m-electron more localized, which
can lead to a non-zero gap [107]. Both 2D graphyne and graphdiyne
sheets are known as semiconductors with band gaps of 0.52~0.53
eV, while accurate hybrid exchange-correlation functional has a
larger band gap of 0.96 eV for graphyne and 1.22 eV for graphdiyne
[108]. The band gap of graphyne/graphdiyne can be tuned easily by
cutting into 1D nanoribbons. In contrast to GNRs, all the graphene/
graphdiyne nanoribbons with an armchair or zigzag edges are
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referred to as semiconductors [109-111]. Based on the deformation
potential (DP) theory and effective mass approach, the mobilities of
charge carriers for graphdiyne nanoribbons were reported to be in
the range of 10%-10° cm?/V and the electrons were demonstrated to
have larger mobilities than the holes.

The optical microscope was primarily used to image various
layers because it is the cheapest, non-destructive and readily
available methodology in laboratories. However, this method
requires mounting of graphene layers on silicon dioxide substrate
for good contrast imaging. The substrate designing has been given
a considerable attention to enhance the visibility of thin graphene
sheets [112-114]. The mechanism behind such contrast was well
explained in terms of Fabry-Perot interference in the dielectric
surface layer which can govern the fluorescence intensity contrasting
between graphene layers and substrate.

C= (ﬁmaterial _ Rdielectric ] (32)

material + Rdielectric

The visibility of sheets is defined by the Michelson contrast (C)
relation as shown in Eq. (3.2) [115], in which, Ry 4terial i the reflected
intensity from the material and Rg;gjecrric iS the intensity without the
material. The material was not detectable if C = 0, while material was
brighter than the substrate when C = 0 to +1, and sample would be
darker than the substrate C = 0 to 1 the. SiO, and Siz;N, were the most
common overlay materials for enhancing the contrast of graphene
layers that are dielectric in nature [116]. Another governing factor
that modulates contrast was the wavelength of the incident light.
Blake et al. [116] demonstrated the contacts variation using different
narrow band filters for detection of thick sheets for SiO, support. It
was found that sheets were invisible on 200 nm SiO, under normal
white light illumination, while thick and thin sheets were visible on
300 nm SiO, when green light was used, whereas sheets were visible
on 200 nm SiO, by blue light. Fig. 3.13 shows the optical image of
different layers of the graphene micromechanically exfoliated on
silicon substrate with 300 nm SiO, over-layer. The number of layers
was identified by colour contrast and AFM [117]. The demonstrated
detection technique was dependent on both the substrate thickness
and incident light wavelength. Graphene-based sheets should be
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researched more for visualisation independent of support material
without any modification of the graphene.
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Figure 3.13 Optical microscopy image of single-, double- and triple-layer
graphene on Si with a 300 nm SiO, over-layer, labelled in the paper as 1L, 2L
and 3L, respectively. Reprinted from Ref. [117], Copyright 2009, with permission
from Elsevier.

Many researches confirmed that single-layer graphene absorbs
the 2.3% of incident light over a broad wavelength range but for
a monolayer (Fig. 3.14) [118,119]. Graphene transmittance can
be described in terms of fine structure constants [119, 120]. The
absorption of light was observed to be increasing with increasing
number of layers linearly, for each layer absorption is given by A =
1-T=mna=23%, where o = 1/37 is the fine structure constant.
The graphene can be imaged by optical image contrast on Si/SiO,
substrate due to interference, and the contrast increases with the
number of layers. The absorption for monolayer graphene was
observed to be flat from 300 to 2500 nm. The peak at 250 nm in UV
region (Fig. 3.14) attributes to the inter band electronic transition
from the unoccupied states [120].

Fluorescent organic compounds are widely used for the
development of low cost optoelectronic devices [121]. Blue
fluorescence from aromatic or olefinic molecules and their
derivatives were reported to be important for display and lighting
applications [122]. The blue PL was observed for GO thin films
deposited from thoroughly exfoliated suspensions [123]. The PL
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characteristic and its dependence on the reduction of GO basically
originate from the recombination of electron-hole pairs, localized
within small sp? carbon clusters embedded in GO matrix [123].
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Figure 3.14 Representative of transmittance of different graphene layers.
UV-vis spectra roll-to-roll, layer-by-layer transferred graphene films on quartz
substrates. The inset shows the UV spectra of graphene films with and without
HNO; doping. The right inset shows optical images for the corresponding
number of transferred layers (1 x 1 cm?). Reprinted by permission from
Macmillan Publishers Ltd: Nature Nanotechnology, Ref. [118], Copyright 2010.

The high-frequency conductivity for Dirac fermions in graphene
hasbeen stated to be a constant. The expression of (T) and reflectance
in terms of fundamental constants does not directly involve material
parameters for determination of structure and electronic properties
of graphene. A dielectric property of graphyne is a function of
energy adsorbed for an electric field parallel and perpendicular
to the graphyne sheet [12-14, 34]. Optical properties of GNRs are
independent of their edge shapes and widths which make GNR as
a suitable candidate for applications in optical and optoelectronic
devices [124]. Paramagnetism and certain other magnetic
features including spin-glass behaviour and magnetic switching
phenomena were also observed in nanographite particles [37]. This
observation indicates that graphene exhibits room-temperature
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ferromagnetism that led to the investigation of the layer dependent
magnetism in transition-metal dichalcogenides. Ferromagnetic and
antiferromagnetic domains appear coexisting in graphene.

3.6 Energy Storage Capacity

Various electrode materials based on transition metal oxides such as
Sn0,, Coz04, Fe304, Ti0, and Mn 304, are proposed for LIBs to achieve
higher specific capacities than currently being used graphite. These
transition metal oxides possess very high theoretical capacities but
extremely low electrical conductivity which restricts their direct
application in LIBs. For example Mn30, has electrical conductivity
about 107-10"® S/cm which limits its specific capacity lower than
400 mA-h/g. A superior specific capacity of an anode material SnO,
(with theoretical specific capacitance of 780 mA-h/g) in LIBs was
observed to be affected by phase transformation and pulverisation
due to Li ion insertion and extraction during the charge-discharge
cycles [125]. Electrochemical stability of active materials at various
current densities and decrease in cyclic performance are challenges
with LIBs. Various conductive additives such as CNTs [126-128]
and carbon particles [129] are added to increase specific capacity.
Graphitised carbon anode materials possessed low capacity
(372 mA-h/g) because of limited Li ion storage sites within sp?
carbon hexahedrons. The Li intercalation can be increased in the
charge/discharge process using the layered structure of graphene
nanosheets. Yoo et al. [130] reported the enhanced specific capacity
of the carbon-based electrodes made of the interaction of graphene
nanosheets with Cgy and CNT, which facilitates the nanospace size
for lithium ion (0.06 nm) intercalation. Higher reversible capacity
(794-1054 mA-h/g) and cyclic stability were observed in disordered
graphene nanosheets, as the presence of edge and vacancies defects
in graphene sheets generally provides an additional reversible
storage sites for Liions (Fig. 3.15) [131].

According to the studies, the addition of the graphene-based
material to transition metal oxide enhances the specific capacity
of the electrodes at high discharge rate and also improves the
electrochemical stability for longer period of cycles. An improvement
was due to an excellent thermal and chemical stability, electronic



conductivity, high surface area and mechanical flexibility of

monolayer graphene sheets.
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Figure 3.15 Reversible (charge) capacity v/s cycle numbers at a current
density of 0.05 A/g, for (i) natural graphite, (ii) pristine GO, (iii) hydrazine
reduced GO, (iv) 300°C pyrolytic GO, (v) 600°C pyrolytic GO and (vi) electron
beam-reduced GO. Reprinted by permission from Ref. [131], Copyright 2009,
American Chemical Society.

The flexible graphene sheets accommodate a large volume
expansion of metal oxide during the charge-discharge process
and this prevents the pulverisation of the electrodes leading to
higher electrical conductivity of the electrode. Wang et al. [132]
demonstrated a simple two-step solution-based method for
developing the Mn;0,-graphene hybrids using slow hydrolysis of
their salts (manganese acetate) in DMF and hydrothermal reduction
of GO in to RGO. The slow hydrolysis showed the uniform distribution
of the RGO nanosheets, which result in enhanced capacity at various
current density (Fig. 3.16).

3.7 Gas-Sensing Ability

Single-layer graphene sheet possesses a large surface area ~ 2600
m?/g, while for surface areas of different few layer graphene sheets
were reported in the range of 270-1550 m?/g. Due to this nature,
GNRs are also useful for adsorption of different gas molecules such
as CO, COZ, NO, NOZ, 02, NZ and NH3 [37, 67, 133]
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Figure 3.16 Electrochemical characterisations of a half-cell composed of
Mn30,/RGO and Li. The specific capacities are based on the mass of Mn;0, in
the Mn3;0,/RGO hybrid. (a) Charge (red) and discharge (blue) curves of Mn;0,/
RGO for the first cycle at a current density of 40 mA/g. (b) Representative charge
(red) and discharge (blue) curves of Mn;0,/RGO at various current densities.
(c) Capacity retention of Mn3;0,/RGO at various current densities. (d) Capacity
retention of free Mn;0,4 NPs without graphene at a current density of 40 mA/g.
Reprinted by permission from Ref. [132], Copyright 2010, American Chemical
Society.

The sensitivity of the gas (or vapour phase) sensor generally
depends on the charge carrier transfer on GO/RGO surfaces caused
by the adsorption of gases and sensing vapours such as NO,, NHs,
H,0, CO, dinitrotoluene (DNT), iodine and ethanol and hydrazine
hydrate [134-139]. For example the as synthesised GO transistor
showed little response towards detection of chemical gases such as
NO, [136]. The RGO was observed to be responsive to NO, and hence
it showed a typical p-type transistor behavior due to the recovery
of many graphitic carbon atoms as active sites for NO, adsorption.
This leads to enhancing charge concentration and a decrease in
resistance as a function of time (Fig. 3.17a).

The NH; showed n-type RGO transistor behaviors [140, 141] since
oxygen groups in RGO were main responsible ions for reactions with
NHzand Cbond[142]. Thisreaction decreased the device conductivity
(Fig. 3.17b) as a function of time [136]. Very high temperature
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(1000 °C) reduced GO showed a faster chemoresistive (or resistance
changes in time) response than the hydrazine reduced GO and it also
showed alow temperature reduction upon exposure to water vapour.
This was due to the presence of a larger number of defects during
the reduction process [143]. These results also indicated that the
gaseous vapour generally respond with both structural defects, such
as vacancies, small holes generated during reduction treatments,
and functionalised groups. The sensitivity of RGO-based sensors can
be modified by reduction treatment process [134, 143]. Reduction
by chemical (by hydrazine) and thermal means, the ascorbic acid
(vitamin C) has also been used as a mild and green reduction agent
for RGO-based chemical sensors [144]. The flexible RGO chemical
sensor, using inkjet-printed films of poly-(ethylene terephthalate)
(PET) decorated RGO sheets were reported to be reversibly detect
NO, and Cl, vapours at ppb level. This demonstrated that the use of
ascorbic acid is as an effective alternative for hydrazine to reduce GO
into RGO. Graphene-based composite materials Pt/RGO/SiC-based
devices have been studied for hydrogen gas sensing [145]. The
electrical characteristics and hydrogen gas sensing mechanism of the
device were studied by analyzing the effect of hydrogen interaction
at the graphene/SiC and Pt/graphene interfaces. High work function
of Pt led to weak interaction energy at the interface and preserved
the electronic structure of RGO and electrons transfer from RGO to
Pt for equilibration of the Fermi level. The carrier concentration was
observed to be increased on exposure of hydrogen gas, which was
due to dissociation of hydrogen molecules occured on the Pt surface.
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Figure 3.17 (a) NO, and (b) NH; detection using a graphene film. The sensor
was attached with gold electrodes and measurement was done by four wire
method with 500 |A driving current. The NO, concentration is 5 ppm in dry
nitrogen. Reprinted by permission from Ref. [136], Copyright 2009, American
Chemical Society.
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Chapter 4

Potential Applications

Graphene-related materials (GRMs) possess the fascinating
properties which enable their use in potential applications such
as biomedical, optics, electronics, sensing and energy and metal
adsorption.

Major applications of GRMs are in development of solar cells, fuel
cells, Li-ion batteries and SCs, ion exchange, molecular adsorption,
etc. Following categories briefly represent the important applications
[1-80].

4.1 Biomedical Applications

A nanotechnology usesful for treatment, monitoring, diagnosis and
control of biological systems is called “nanomedicine” [81]. NPs have
offered unique properties for their applications as drug delivery
systems and image agents [82]. NPs enable to combine the diagnostic
process with therapy (theranostics). Most of NPs are available
from polymeric and metallic ones, dendrimers, to liposomes,
microcapsules, etc. [83]. Recently, GRMs have attracted considerable
attention for their potential use in nanomedicine and biology [84].
A graphene can be covalent functionalised by common approach,
which offers a new class of solution-dispersible polyaromatic
platform for performing polymer chemistry. The presence of the
functional groups with graphene makes GO more hydrophilic [85],
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which also allows its easy dispersion in water [86]. The functional
groups allow GO to interact with a wide range of inorganic and
organic species in non-covalent, covalent and ionic matrices, and
hence functional hybrids can be synthesised in this manner [87]. GO
is fluorescent over a broad range of wavelengths in contrast to pure
graphene [88, 89]. This tunable fluorescence was used in biological
applications particularly for sensing [90, 91] and drug delivery [92].
Research on graphene for biomedical applications is progressing
rapidly due to the previous know-how gained using CNTs [93], since
the surface chemistry is also adaptable. Both materials CNTs and
graphene show similar behaviour, i.e. graphene provides additional
functionalities with respect to CNTs, e.g. an enhanced loading of
biomolecules, due to its 2D shape [94]. Latest challenges confirm the
controlled chemical functionalisation of graphene to achieve good
processability as well as the fine tuning of various physicochemical
properties. Main aim of the controlled surface oxidation is to develop
the anchoring points for additional surface groups such as (i) an
attachment of biomolecules, e.g. peptides, DNA, growth factors via
carboxyl groups and KOH/NaOH activation to induce carboxylic acid
functional groups; (ii) PEG coatings for prolonged blood circulation
half-life and avoiding the agglomeration; (iii) sulfonation and (iv)
halogenation for changing the surface hydrophobicity, starting
point for conversion into other functional groups, e.g. amines,
anilines, alcohols or thiols [95]. GO provides a robust framework
in such a way that two or more components can be incorporated
for multifunctional capabilities [96]. A conjugation of multiple
components such as tumour-targeting moieties, fluorescent
molecules, anticancer drugs or small interfering ribonucleic acid
(RNA) to GO represents a viable strategy to target human cancer
and also for imaging from inside the body by magnetic resonance
or fluorescent imaging. A capability to simultaneously image and
treat tumours with nanocarriers generally provide advantages
over conventional chemotherapies having added value of reducing
secondary effects. Nanocarriers, as molecular transporters, are
considered to shuttle various types of drugs, including biological
molecules, proteins, RNA, DNA, into cells by endocytosis. All these
materials are intended to be used in nanomedicine that must be
carefully tested for their potential effects on animals, cells and
environment. The nanosize and the tunable surface chemistry of
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graphene flakes allow them to interact efficiently with cells, which
can be diffused further into tissues and through individual cells.
Thus, particle size and shape are key parameter to control particle
flow and cell internalisation [97]. Graphene sheets may flow along
capillaries, lymphatics or tumour vessels without any obstructions.
Flow is dependent on surface functionalisation; because aggregation
of flakes must be avoided at any time. All imaging agents must have
a rapid clearance from blood to obtain low background signals and
high quality images [98]. Surface charge of NPs and hydrodynamic
diameter in presence of plasma proteins are more important for
their bio-distribution, excretion and rapid clearance from blood
[98]. Size control and/or size separation are also necessary to
interface with in vitro or in vivo biological systems. Proper ways
such as ultra-centrifugation and filteration are used to control size
[99-101]. Graphene sheets have been used in applications related
to biosensing and bioelectronics, particularly low electronic noise
with chemical stability[102], that offer an excellent platform for the
developing the FET-based biosensors [103]. A low noise observed in
GFETs (down to 10 puV rms) [102] may enable the detection of small
electrical and chemical signals. The modification of the transistor’s
active area with functional groups and biomolecules (DNA,
enzymes, antibodies) allow for the development of sensors specific
to particular analytes, which are useful in applications related to
proteomics, drug screening and genomics.

Numerous studies have been reported indicating the graphene’s
bioapplications in chemotherapeutics for the cancer treatment
[104],biosensing applications for a host of medical conditions [105]
and for the differentiation and imaging of stem cells [106]. Reports
have demonstrated that the combination of graphene with NMs
such as graphene-NP hybrid structures, offers an additional unique
physicochemical properties and functions that are desirable and
advantageous for bioapplications (Fig. 4.1) [107]. The graphene-
NP hybrid structures display the individual properties of the NPs,
such as optical, magnetic, electronic and structural properties
that are unavailable in bulk materials, they also exhibit additional
advantageous and often synergism of the multi-properties that
greatly augment their potential for bioapplications. In general,
graphene-NP hybrid materials can be categorised into two classes
(Fig. 4.2): (i) graphene-NP composites, i.e. NPs decorated or grown
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on graphene sheets (Figs. 4.2A,B) or (ii) graphene-encapsulated
NPs, i.e. NPs wrapped or coated with graphene (Figs. 4.2C,D).

Graphene-based
Nanomaterials

Nanoparticle

Biosensors
B) 60°C

Graphene-Nanoparticle
= : .
Photathermal Hybrid Materials
Therapies ‘ Drug/Gene
<) Delivery

Stem Cell/Tissue
Engineering

Figure 4.1 Graphene-NP hybrids exist in two forms, as graphene-NP
composites and graphene-encapsulated NPs, and can be used for various
bioapplications, including biosensors, photothermal therapies, stem cell/
tissue engineering, drug/gene delivery, and bioimaging. Panel (A) reprinted
by permission from Ref. [108], Copyright 2012, John Wiley and Sons. Panel (B)
reprinted from Ref. [109], Copyright 2013, with permission from Elsevier. Panel
(C) reprinted by permission from Ref. [110], Copyright 2013, John Wiley and
Sons.

Graphene-NP hybrid structures are synthesised by combining
the graphene or its derivatives, GO and RGO, with various types
of NPs such as quantum dots (QDs), metal (e.g. noble metal and
magnetic), metal oxide or silica NPs (Si NPs), depending on the final
desired functional properties. Combining these unique and robust
materials, striking synergistic properties can often be achieved.
Decorating the metal or metal oxide NPs on graphene surfaces has
shown some implications on the charge transfer behaviour through
the surface modification of the local electronic structure of graphene
[111]. Hence these type of composite materials show improved
performance as catalysts. As sensing applications perspectives, the
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combination of NPs should have excellent conductivity and catalytic
properties with graphene materials that enhance the sensitivity
and selectivity over the surface of graphene or NP-based sensors
alone [107, 114]. By combining the graphene with NPs, resulting
composites can be used to deliver RGO (e.g. small molecule drugs,
nucleic acids, etc.) to target cells (e.g. cancer cells or stem cells)
by enabling complementary multifunctionalities such as imaging
(e.g. surface-enhanced Raman spectroscopy (SERS) or magnetic
resonance imaging (MRI)) and hyper-thermia (e.g. using near-
infrared [NIR] radiation) [115].

Figure 4.2 Graphene-NP hybrid structures. Panels (A) and (B) show graphene-
NP composites wherein NPs are decorated on the surface of graphene sheets.
Panel (A) reprinted from Ref. [114c], Copyright 2011, with permission from
Elsevier. Panel (B) reprinted with permission from Ref. [112], Copyright 2010,
American Chemical Society. Panels (C) and (D) show graphene-encapsulated
NPs wherein NPs are wrapped by graphene. Panel (C) reprinted with permission
from Ref. [113], Copyright 2012, American Chemical Society. Panel (D) reprinted
with permission from Ref. [114a], Copyright 2010, John Wiley and Sons.

Graphene hybrid nanocomposites have been used in numerous
biomedical applications like graphene paper, drug delivery,
biodevices and bioimaging. Fig. 4.3 shows the molecular coating of a
gold NPs that was imaged by masking the crystalline reflections of the

141



142

Potential Applications

graphene support and the gold NPs. The result suggested atomically
thin graphene-supported films that can be used to directly image a
diverse range of molecular coatings on NPs such as proteins, DNA
and antibody-antigen pairs [24-26, 37-39, 72, 73].

Figure 4.3 Atomic-resolution direct TEM image of the citrate molecules
coating a gold NP supported by a graphene sheet. Reprinted with permission
from Ref. [40], Copyright 2009, American Chemical Society.

4.1.1 Biosensors

The integration of biological components with electronics is growing
field and one of the current challenges for the field of bioelectronics.
This holds a great promise for developing the prostheses for
injured organs. Biology and electronics may interface at three levels
namely molecular, cellular and skeletal. The initial interactions at
the bio-molecular level will determine long-term performance for
any implanted bioelectronic material. Bioelectronics is associated
with skeletal level enhancements (e.g. artificial muscles), and
electronic communication with living cells is of interest for tissue
engineering or for implantation such as bionic eyes [116] and or
ears [117]. For development of bioelectronics, different materials
were proposed and investigated. Special material properties [118]
such as electrochemical stability, biocompatibility and electronic
and chemical functionality are in demand for bioelectronics. Metals,
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Si and GaAs and carbon-based materials provide considerable
advantages. On other hand, graphene provides a unique combination
of physical, electronic and chemical properties, which allow to
surpass the state-of-the-art for bioelectronics and biosensor
applications [118-121]. Indeed, a graphene is impervious to the
harsh ionic solutions found in the human body [122]. Graphene
can conduct electrical signals to interface with neurons and other
cells that communicate by nerve impulse, or action potential [122].
These features make the graphene as promising candidates for
next-generation bionic technology [118, 122]. Current research in
nano-biosensors shows a fast growth due to the wide range of novel
applications for human healthcare. A biosensor combines a biological
component with a physicochemical detector component and hence
it is designed for the detection of a certain analyte. Biosensors are
used for sensitive and selective detection of biologically-relevant
molecules, such as applications in diagnosis (e.g. for detection of the
cancer biomarkers), biomedical research, food quality control and
environmental monitoring [123]. As Si stability [124, 125] is low,
i.e. Si generally oxidises by interacting with atmospheric oxygen
and organic solutions, or by hydrolysing with aqueous solutions, to
give a Si0; surface. The possible use of Si transistors in the human
body requires a coating with iron oxide [126] to boost their stability
[122]. Other semiconductor technologies such as GaN [127], SiC
[128] and diamond [129-131] are also explored, which also increase
our interest in flexible biosensors [132]. The use of graphene in
biosensors may allow the development of flexible sensors, as well
as an improvement of impedance and biocompatibility with a high
added value. Graphene are used to implement grids of switches to
control multi-array biosensors or to integrate computing/decision
power for applications such as impedance sensors, health, medical,
pharmaceutical, DNA chips, bio-monitoring, bio-lab-on-a-chip and
biomedical calibration.

Biosensors are analytical devices which utilise biological
sensing elements to detect and/or quantify a particular target
analyte or family of analytes. As such, biosensors are applicable
to and are important for virtually every conceivable analytical
task in the biomedical field, which can range from applications in
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medical diagnostics to drug discovery, food safety, environmental
monitoring and defence. In general, biosensors are composed of two
fundamental elements: a receptor and a transducer. The receptor
consists of any material, either organic or inorganic, which can
interact with a target analyte or family of analytes. On the other hand,
the transducer converts the recognition event which occurs between
the analyte and the receptor (e.g. the binding of an enzyme to its
substrate, binding between an antibody and its target protein or
reduction/oxidation of an electroactive biomolecule by the sensing
electrode) into a measurable signal which can come in many forms,
including, but not limited to, electronic, electrochemical and optical
signals. In terms of its performance, biosensors are evaluated on the
basis of sensitivity to the target(s), limit of detection (LOD), linear
and dynamic ranges, reproducibility or precision of its response
and selectivity [133]. Other parameters often compared and
useful include the sensor’s response time (e.g. the amount of time
needed for the sensor response to reach 95% of its final value after
introduction of the analyte(s)), operational and storage stability,
ease of use and portability. Moreover, the ideal biosensor should be
reusable, thereby allowing for several consecutive measurements to
be made.

Graphene-NP hybrids are particularly well suited for
biosensing applications. As mentioned previously, graphene
possesses numerous unique and advantageous physicochemical
properties, including an extremely high surface area, excellent
electrical properties, high mechanical strength, advantageous
optical properties (e.g. transparent and can quench fluorescence),
and is relatively easy to functionalise and mass produce. As such,
there has been significant effort invested in utilising this material
for the development of biosensors [134, 135]. Moreover, NPs have
also been widely investigated in the field of biosensing due to the
exquisite sensitivity that NMs can offer for this type of application
[136]. Specifically, because of the diameter of NPs (e.g. 1-100 nm
scale), these NMs can display unique physical and chemical features
(e.g. quantum size effect, surface effect and macro-quantum tunnel
effect). As such, NPs can be used to enhance achievable sensitivities
by amplifying the obtained signal as well as increasing the available
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surface area for analyte binding. By combining these two excellent
and unique modalities as graphene-NP hybrids, a number of
advantageous properties are attained for biosensing applications. In
particular, it has been observed that graphene acts as an excellent
material with which to immobilise NPs and enhance their stability
(e.g.preventing aggregation). Moreover, the combination of graphene
with NPs can increase the available surface area for analyte binding
as well as improve their electrical conductivity and electron mobility,
thereby enhancing the achievable sensitivity and selectivity [107]. In
particular, the field of graphene-NP hybrid materials for biosensing
applications can be generally divided into three classes based on the
underlying mechanism of detection. These classes include electronic,
electrochemical and optical sensors, with each class having its own
advantages and disadvantages.

Several studies have demonstrated RGO-based biosensors as
well. Mohanty and Berry [137] reported on the fabrication and
functioning of a novel RGO-based (i) single-bacterium device,
(ii) label-free DNA sensor and (iii) bacterial DNA/protein and
polyelectrolyte transistor. The bacteria/RGO biodevice was highly
sensitive with a single bacterium with a p-type FET property.

The presence of DNA on RGO increased both the conductivity
and the mobility (Figs. 4.4(a,b)) due to the interaction between the
charged amine group and the RGO. Similarly, single-stranded DNA
when tethered on graphene hybridises with its complementary DNA
strand, which reversibly increases the hole density by 5.61 x 1012
cm?. Also the bending-insensitive RGO FETs were able to detect
the presence and dynamic cellular secretion of biomolecules. The
specificity of the demonstrated detection is realised in the defined
biological context. The RGO FETs can also specifically detect
biomolecules with high sensitivity using specific antibodies [138].
The fabrication and characterisation of a highly sensitive and
selective FET biosensor using AuNP antibody conjugates decorated
with GO sheets have been reported by Mao et al. [139]. The study
demonstrates a GO-based immuno-biosensor for detecting a
rotavirus as a pathogen model. The sensor showed high sensitivity
and selectivity by using GO. CdTe/RGO composite also exhibited the
chemical-biological sensing where graphene worked as an amplified
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electrogenerated chemiluminescence (ECL) of QDs platform [140].
The study opens avenues for glutathione drug detection with
graphene-based electronics glutathione drug detector or sensor.
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Figure 4.4 (a) The conductivity of the p-type graphene-amine (GA) device
increases upon attachment of a single bacterial cell on the surface of GA
(inset 1). LIVE/DEAD confocal microscopy test on the bacteria deposited on
GA confirmed that most of the bacteria were alive after the electrostatic
deposition (inset 3). (A) Alive and (D) dead. The LIVE/DEAD test conducted
immediately after the electrical measurements on the GA-gold-bacteria device
(inset 2 and inset 4) showed that the bacterial cells on GA atop silica remain
alive, while the bacteria deposited on the GA atop gold electrodes die after
electrical measurements (inset 4 (right)). (b) DNA transistor: ssDNA tethering
on GO increases the conductivity of the device. Successive hybridisation and
dehybridisation of DNA on the G-DNA device results in completely reversible
increase and restoration of conductivity. Inset shows a G-DNA(ds) sheet with
wrinkles and folds clearly visible. Reprinted with permission from Ref. [137],
Copyright 2008, American Chemical Society.

4.1.1.1 Electronic sensors

As compared to the other methods available for biosensing appli-
cations, NM-based electronic biosensing offers significant advan-
tages, such as high achievable sensitivities, high spatial resolution
for localised detection, easy miniaturisation, facile integration with
standard semiconductor processing and label-free, real-time detec-
tion, which can be achieved in a nondestructive manner [141]. In
particular, these electronic sensors primarily utilise the principle
of FETs to convert the biological recognition event to a measurable
electronic signal. In a standard FET device, current flows along a
semiconductor path (the channel), which connects two electrodes



Biomedical Applications

(the source and the drain). The conductance of the channel between
the source and the drain is then switched on and off by a third elec-
trode (the gate), which is capacitively coupled to the device through
a thin dielectric layer [142, 143]. Specifically, in FET-based biosen-
sors, the channel is in direct contact with the sensing sample, which
enhances the achievable sensitivity as any single biological event oc-
curring at the channel surface could result in a variation in the sur-
face potential thereby modulating the channel conductance [144].
Currently, FET sensors composed of Si nanowires or CNTs are the
most heavily investigated [144, 145]. FET sensors utilising either of
these materials exhibit exceptional performance with their achiev-
able LOD falling in the range of picomolar (pM) to femtomolar (fM);
however, the achievable sensitivity of devices which use these mate-
rials is limited by the rarity of binding events occurring between the
probe and its target molecule due to the scarcity of available binding
sites on the surface of the materials [142]. Moreover, the use of Si
nanowires is expensive. On the other hand, while CNT sensors repre-
sent a significantly cheaper option, the reproducibility of CNT-based
devices in terms of their fabrication and electrical properties is con-
sidered a significant limiting factor [146]. As such, graphene-based
materials have a major advantage in FET sensing applications in
that graphene has an extremely high surface-to-volume ratio, which
increases the likelihood of binding events. In particular, graphene-
based FET biosensors are able to compete with CNT and Si nanow-
ire-based FET sensors with an ultrasensitive LOD down to a similar
(pM to fM) and potentially lower range [147]. More specifically, be-
cause of this high surface-to-volume ratio, any analytes which ad-
sorb onto the graphene surface could potentially alter its electronic
properties (e.g. the conductivity can be altered when an analyte is
adsorbed due to doping or a change in the carrier mobility of gra-
phene). In addition, by utilising graphene-NP hybrid materials, it is
possible to further push this limit to the attomolar (aM) range for
biomolecule detection by utilising the synergism which occurs in
these unique structures, wherein the combination of two materials
results in additional surface area for analyte binding as well as sig-
nal amplification and enhanced electrical conductivity. For instance,
Zhang et al. [148] determined that the covalent linkage of AuNPs to
GO could enhance the electronic conductivity when compared to
GO alone [148]. Similarly, Dinh et al. reported that the formation of
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RGO-AgNPs decreased the sheet resistance from 10.93 kQ/sq (for
RGO) to 270 Q/sq [149].
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Figure 4.5 Protein detection using thermally reduced GO (TRGO) sheets
decorated with gold NP-antibody conjugates. (A) Schematic of a TRGO FET.
Anti-IgG is anchored to the TRGO sheet surface through AuNPs and functions as
a specific recognition group for 1gG binding. The electrical detection of protein
binding is accomplished by FET and direct current measurements. (B) Sensor
sensitivity versus 1gG concentration. Dashed line represents the noise level
from the buffer solution. Reprinted by permission from Ref. [150], Copyright
2010, John Wiley and Sons.

Demonstrations utilising graphene-NP hybrid-based FET
biosensors have focused on exploiting variations of a single
mechanism. Specifically, studies have shown that by conjugating
the detection probe (e.g. antibody) to the NP and then using these
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NP-probe conjugates to form graphene-NP composites, one can
preserve the superb electrical properties of graphene.

In these cases, the formation of the graphene-NP hybrid generally
occurs via electrostatic interaction and van der Waals binding. As
such, as long as detection probe conjugation does not significantly
affect the charge of the NPs, graphene-NP composites can be formed
without any steric hindrance. One popular FET-based biosensing
application which has utilised this concept is for the detection of
proteins. Protein detection is particularly important as proteins
play an essential role in all biological functions. As such, they are at
the centre of almost all pathological conditions, and the majority of
disease markers are composed of proteins. Chen et al. [150] reported
the first graphene-AuNP hybrid sensor for the detection of proteins
[150]. In this case, thermally reduced GO sheets (TRGO) (e.g. a few
layers with a thickness of 3-6 nm) were decorated with 20 nm
AuNPs, which were covalently conjugated to anti-immunoglobulin G
(IgG) antibodies (Fig. 4.5A). Upon introduction of the target protein
(e.g. IgG), FET and direct current was measured resulting in an LOD
of approximately 13 pM (Fig. 4.5B), which is among the best LODs
when compared to carbon NM-based protein sensors, including CNTs
[151], graphene and GO [152]. This sensor also showed excellent
selectivity when exposed to samples containing mismatched protein
such as immunoglobulin M (IgM) or horse radish peroxidase (HRP).
In particular, when 0.8 mg/mL IgM and 0.2 mg/mL HRP were
introduced to the sensor using the exact procedure as that used
for 1gG, the sensor response was 15.3% and 12.4%, respectively,
which was significantly lower than that from the complementary
IgG (68%). Last, it was observed that binding of the IgGs to their
anti-IgGs resulted in local geometric deformations and an increase
in the number of scattering centres across the sheet, thereby
reducing the mobility of holes and, subsequently, the conductivity
of the TRGO sheets. Besides preserving the excellent electrical
properties of graphene, graphene-NP composites also exhibit
additional advantages such as increasing available surface area for
the binding of target analyte, enhanced stability and also amplified
transduction signals [153]. For example, Kwon et al. [153] reported a
novel liquid-ion gated FET using large-scale graphene micropattern
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nanohybrids decorated with closely packed conducting polymer NPs
for the detection of HIV [153]. Specifically, this closely packed NP
array was composed of 20 nm carboxylated polypyrrole NPs, which
were covalently modified with HIV-2 gp antigen and provided an
enlarged surface area and stable sensing geometry. Therefore, they
could detect the HIV biomarker at concentrations as low as 1 pM,
which is better than any biosensor which has been reported for this
particular purpose. Moreover, this biosensor exhibited excellent
mechanical flexibility and durability. On the other hand, Kim et
al. [154] demonstrated that, in addition to preserving the superb
electrical properties of graphene and increasing available surface
area, graphene-NP hybrids could also be designed to amplify the
transduction signal, thereby further increasing the achievable LOD
by a full order of magnitude [154].
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Figure 4.6 Electronic graphene-NP composite sensor utilising aptamers to
detect anthrax toxin. (A) Schematic illustration of the aptamer-immobilised
graphene FET for the detection of protective antigen (PA). (B) Vg min shift (AVg min)
versus PA concentration in PBS solutions with different probe molecules. The
AV, min value was obtained by calculating the difference in the charge neutrality
point, Vg min, as a reference for the device with no binding of PA. Reprinted by
permission from Ref. [154], Copyright 2013, John Wiley and Sons.

In this work, Kim et al. [154] fabricated a FET biosensor which
had networked channels of chemically reduced GO nanosheets,
which were modified with aptamers specific for the detection of
anthrax toxin (e.g. protective antigen) (Fig. 4.6A). Briefly, in their
design, the source/drain electrodes were formed on a networked
film composed of RGO nanosheets using a shadow mask to prevent
the deposition of polymeric residues during photolithography. Next,
passivation of the electrodes was achieved with a 200 nm thick Al,05
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layer and direct pasting with PDMS, which minimised the local work
function modulation and isolated the leakage current between the
electrode and electrolytes. In this way, Kim et al. [154] achieved
an ultralow LOD of 12 aM in 10 uM PBS. Furthermore, by utilising
secondary aptamer-conjugated AuNPs, they were able to achieve an
evenlower LOD of 1.2 aM (Fig. 4.6B). This was attributed to the ability
of the secondary aptamer-conjugated AuNPs to further amplify the
transduction signal. As for the achievable selectivity, the authors
exposed their sensor to a PBS solution containing carcinoembryonic
antigen (CEA). The results showed no shift in voltage and no change
in current, indicating that no CEA binding occurred. As a variation of
the above-mentioned mechanism, encapsulating NPs with graphene
can also enhance the surface-to-volume ratio, which is available for
the capture of target analyte in FET sensors while enhancing stability.
Myung et al. [155] developed an RGO-encapsulated NP-based FET
sensor for the sensitive and selective detection of proteins (Fig. 4.7)
[155]. In particular, they sought to detect human epidermal growth
factor receptor 2 (HER2) and epidermal growth factor receptor
(EGFR), which are both known to be overexpressed in breast cancers
[156]. To this end, individual silicon oxide NPs (100 nm diameter)
functionalised with APTES were coated with a thin layer of RGO
(5 nm thick) due to the electrostatic interaction which could occur
between the negatively charged GO sheets and the positively charged
silicon oxide NPs. Arrays of RGO NPs (RGO-NP) were then patterned
to form channels between gold electrodes, which occurred through
a self-assembly process upon centrifugation of the device with a
solution containing RGO-NPs (Fig. 4.7A). Finally, the RGO-NPs were
functionalised with monoclonal antibodies against HER2 or EGFR
(Fig. 4.7B).

Specifically, this was accomplished using a well-established
process where the RGO surface was functionalised with 4-(pyren-1-
yl)butanal via m-m stacking. Next, the aldehyde groups were coupled
to the amine groups of the HERZ or EGFR antibodies through
reductive amination and unreacted aldehyde groups were blocked
using ethanolamine. In this way, the electrical properties of the RGO
were preserved by not conjugating the antibodies directly to the
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RGO surface while increasing the available surface area available for
detection over RGO alone. Using this device, an LOD was achieved
as low as 1 pM for HER2 and 100 pM for EGFR (Fig. 4.7D-F). In
addition, the highly selective nature of biosensor was demonstrated
in the presence of other proteins such as BSA (50 pg/mL), which
did not induce a change in conductance. Finally, besides proteins, the
detection of specific nucleic acids (e.g. DNA or RNA) has garnered
significant attention as it can be utilised for various bioapplications,
including, but not limited to, pathogen identification, recognition of
genetic mutations and forensic analysis [157]. For instance, Yin et al.
[158] reported a PtNP-decorated RGO FET where a thiolated DNA
probe was attached to the PtNPs via Pt-S bonding [158]. Specifically,
a large, continuous, few-layer thick film of GO was fabricated via the
Langmuir-Blodgett method and subsequently reduced with high-
temperature annealing in an Ar/H, atmosphere at 1000°C. To form
graphene-NP composites, the PtNPs were directly synthesised on
the RGO film by immersion of the RGO in an ethanolic solution of
PtCl, followed by light irradiation. It was found that this graphene-
NP composite-based FET, when modified with probe DNA, was able
to detect the real-time hybridisation of target DNA in PBS with a
calculated detection limit of 2.4 nM. Moreover, the sensor exhibited
good selectivity. For instance, when 1 uM of noncomplementary DNA
was added to the sensing chamber, there was no obvious change
in the conductance. Overall, the performance of hybrid electronic
sensors depends strongly on graphene morphology (e.g. wrinkles,
folds, number of layers), the number of graphene sheets, the level
of graphene reduction and the interface which exists between the
NPs and graphene, which can all influence the electrical properties
of the device. In particular, the morphology (e.g. wrinkles, folds,
number of layers) of graphene should be free of defects and, as such,
hinges on the synthesis method used. On the other hand, the NP-
graphene interface is highly susceptible to modulations by adsorbed
species, and the Schottky barrier of the interface has been shown to
significantly change device conductance [150]. In particular, smaller
sized NPs can be distributed more uniformly on graphene materials
and provide more contact area than bigger sized NPs, resulting in an
improvement in electrical properties [149].
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Figure 4.7 Real-time detection of cancer marker, HER2, using a graphene-
encapsulated NP-based FET biosensor. (A) The preparation of the RGO-NP
device. (B) Surface functionalisation of RGO for immobilising the antibody. (C)
Measuring conductance of the devices when the target protein is introduced. (D)
The sensitivity of the biosensor (relative conductance change, %) in response to
the concentration of HER2 with Vs (voltage drain to source) =1V and V, (gate
voltage) = 0 V. (E) The selectivity of the biosensor in response to PBS buffer, BSA
with 50 pg/mL, and HER2 (100 pM and 1 uM). (F) Sensor sensitivity (relative
conductance change, %) as a function of the HER2 concentration with V=1V
and V=0 V. All experiments were performed multiple times (sample number, n
= 30) to collect statistical data (with error bars) and confirm the reproducibility
and robustness of the biosensing system. Reprinted by permission from Ref.
[155], Copyright 2011, John Wiley and Sons.

4.1.1.2 Electrochemical sensors

Electrochemical sensors are, by far, the largest group of sensors
and provide an especially attractive means with which to analyse
the content of a biological sample due to the direct conversion
of a biological recognition event to an electrical signal. A typical
electrochemical sensor consists of a sensing (or working) electrode,
which has a biological recognition element, and a counter-electrode,
which are separated by a layer of electrolytes. Electrochemical
biosensors can be divided into two main categories based on the
nature of their biological recognition process: (i) affinity-based
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sensors and (ii) catalytic sensors. Affinity sensors rely on the
selective binding interaction which occurs between a biological
component such as an antibody, enzyme, nucleic acid or a receptor
(e.g. immunosensor or DNA hybridisation biosensor) and its target
analyte, which results in the production of a measurable electrical
signal. On the other hand, catalytic sensors generally incorporate
NPs or enzymes which recognise the analyte of interest and produce
electroactive species. The amount of analyte either reduced or
oxidised at the sensing electrode would then correlate with the
concentration of the target analyte present. In particular, various
forms of voltammetry (e.g. linear sweep, differential pulse, square
wave, stripping) and amperometry are commonly used for the
electrochemical detection of biomolecules [159].

Graphene is an ideal material for electrochemical biosensors as it
isan excellentconductor of electrical charge [160]. Moreover, because
of its high surface area, graphene can facilitate a large number of
defects and thus electroactive sites [161]. The electrochemical
behaviour of graphene is also excellent and comparable to other
carbon-based materials, including CNTs and graphite where
recent reports have even demonstrated that graphene-based
electrochemical sensors have superior performance when compared
to CNTs due to the presence of more sp?-like planes and edge defects
on the surface of graphene [162]. While graphene exhibits great
promise, graphene—-NP hybrid structures have gained increasing
attention for their applicability to electrochemical sensing. In
particular, various types of NPs, including metal NPs such as Au
and Pt, metal oxide NPs and semiconductor NPs, are already widely
used for electrochemical sensing applications [163, 164]. These
NPs can have different roles in electrochemical sensing platforms;
for example, they can function to (i) immobilise biomolecules, (ii)
catalyse electrochemical reactions, or (iii) act as a reactant. As such,
by incorporating graphene-NP hybrid structures, one can impart
unique and advantageous properties to electrochemical biosensors
resulting in the exhibition of the advantages provided by the
individual NP and graphene components as well as synergy from the
hybrid. For example, graphene sheets decorated with NPs can help
overcome the poor utilisation coefficient of aggregated NPs [165].
In certain cases, by decorating graphene with NPs, one can also
efficiently improve the electron transfer which occurs between the
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analyte and the electrode [166]. Finally, similar to the strategy used
in some hybrid FET sensors, instead of immobilising the sensing
biomolecules directly to graphene, which is often difficult and can
negatively affect electrical properties, graphene-NP hybrids can
be formed wherein the sensing biomolecules are first immobilised
on the NPs prior to decoration onto graphene. As a result, this
can enhance the achievable sensitivity of graphene-NP hybrid
electrochemical sensors. RGO is highly promising for electrochemical
and biological sensors due to their different functionalities on the
edge [167-169], which are very sensitive to change in chemical
and biological environment. The responses have been analysed by
changes in conductivities, capacitances and doping effects on FETs
made with RGO.

4.1.1.3 Optical sensors

The deoxidation of GO to RGO results in the formation of a material
whichisnotonly electrically conductive butalso optically transparent
with a transparency of ~97.7% and a transmittance which linearly
decreases with the number of layers [170]. As such, besides their
excellent electronic and electrochemical properties, graphene-NP
hybrid materials which utilise graphene or RGO possess a number
of advantageous optoelectronic properties as well, which can
be utilised for optical sensing applications. In particular, optical
sensors which incorporate graphene NMs fall into two categories: (i)
fluorescence-based and (ii) SERS-based biosensors. In fluorescence-
based biosensors, GO and RGO have the unique property that not
only are they fluorescent over a broad range of wavelengths (e.g.
visible to NIR range with their maximum intensity being located
between 500 and 800 nm) [171], but they also have the ability to
quench fluorescent molecules such as dyes and fluorescent NMs
(QDs and upconversion NPs [UCNPs]) [172]. As such, graphene-
NP composites composed of fluorescent NMs are immensely useful
for the development of fluorescence resonance energy transfer
(FRET)-based and nanometal surface energy transfer (NSET)-based
biosensors, which can enable the quantitative analysis of molecular
dynamics in living cells on the single cell level. On the other hand,
graphene exhibits remarkable Raman scattering properties, which
are related to its unique electron and phonon structure [173].
This Raman scattering can be greatly enhanced by the inclusion of
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metal NPs (e.g. AuNPs and AgNPs) as graphene-metal NP hybrids,
resulting in exceptional SERS effects, which can be used to detect
the presence of individual biomolecules [174]. In the following
subsections, the use of graphene-NP hybrid materials is described
for optical sensing, in particular, fluorescence-based and SERS-based
biosensors.

4.1.1.3.1 Fluorescence-based sensors

FRET is a type of fluorescence phenomenon which can occur when
two fluorescent molecules are sufficiently close to one another
(typically 1-10 nm). In this phenomenon, the energy from one
fluorophore flows to the other via a nonradiative transfer [175].
Specifically, the first fluorophore, which is typically denoted as the
“donor”, is initially excited by an external optical source. Instead
of emitting a photon, the excited donor transfers energy to the
neighbouring fluorophore, which is termed the “acceptor”. This leads
to (i) the emission of fluorescence at the acceptor’s characteristic
wavelength and also (ii) quenching of the donor fluorophore.
Because of the fact that the intensity of FRET depends strongly
on the distance between the two fluorophores and their relative
orientation as a donor or acceptor, FRET can be used to study, detect
and quantify interactions which occur between two molecules.
The donor and acceptor fluorophores can be brought together
in many different configurations. For instance, one fluorophore
can be attached to a substrate, while the other is attached to its
binding site, and once the analyte of interest binds, FRET would be
initiated. Alternatively, two fluorophores can be attached to a single
protein and FRET can be initiated if and when the protein alters
its conformation. Finally, the fluorophores can be linked to induce
FRET, and once the linkage is cleaved (e.g. by an enzyme), FRET will
cease to occur. As such, FRET is an excellent biosensing technique
which can be superior to other optical detection methods in terms
of its selectivity and sensitivity [176]. Moreover, FRET sensing is
a nondestructive method, which can be used to detect molecular
interactions within single living cells. Graphene and GO sheets were
found to exhibit super quenching capabilities as energy acceptors
for fluorescent dyes, whose efficiency is estimated to reach up to
30 nm, thereby providing greater flexibility for the construction of
fluorescence sensors based on FRET. Similar to the quenching effect
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seen with AuNPs, the mechanism underlying the superquenching
effect of graphene and GO follows the NSET mechanism. Therefore,
due to the superior quenching ability of graphene (e.g. the rate of
this long-range resonance energy transfer depends on d*, where d
is the distance, whereas traditional FRET depends on d-°) [177], it
can be coupled with other fluorophores such as fluorescent NPs (e.g.
QDs and UCNPs) for use as FRET-based biosensors with enhanced
capabilities.

Inrecentyears, the use of anti-Stokes fluorophores such as UCNPs,
which can be excited in the NIR, has successfully circumvented issues
with autofluorescence and the scattering of light, which typically
arise when utilising FRET in biological tissue. In particular, rare
earth-containing UCNPs are able to emit high-energy photons under
NIR excitation, which results from a nonlinear optical upconversion
process, where the sequential absorption of two or more photons
results in the emission of a single photon at a shorter wavelength
[178]. As such, the use of UCNPs has made it possible to utilise
FRET-based sensors directly on biological samples, wherein the
use of graphene-UCNP hybrids has even greater advantages due to
the superquenching properties of graphene, which greatly enhance
the range of achievable FRET. As an example, Zhang et al. [173]
utilised graphene-UCNP hybrids for glucose sensing [173]. In their
system, they synthesised 50 nm water-soluble NaYF,:Yb,Er UCNPs
modified with poly(acrylic acid), which were then conjugated with
concanavalin A (conA) via EDC coupling. On the other hand, the
GO sheets were functionalised with chitosan, which also occurred
via EDC coupling. In terms of the underlying mechanism, conA and
chitosan were able to form tight bonds, which brought the UCNPs
and GO into appropriate proximity to induce FRET (81% degree of
quenching). However, in the presence of glucose, the FRET process
was inhibited because of competition between glucose and chitosan
for conA. By utilising this system, Zhang et al. were able to achieve
an LOD of 0.025 puM even in the presence of serum. Specifically, the
FRET process in the presence of serum was found to be nearly the
same (with minor differences in the slope), suggesting the selectivity
of the sensor. Similarly, Wu et al. [179] utilised BaYFs:Yb,Er
and BaYF5:Yb,Tm UCNPs functionalised with aptamers against
ochratoxin A (OTA) and fumonisin B; (FB;), respectively [179].
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In particular, OTA and FB; are mycotoxins, which are a group of
chemical substances produced by some fungal species and can cause
illness or even death. As such, strong m-m stacking between the
aptamers and the sp? atoms of GO could be used to initiate FRET, and
in the presence of OTA and FB;, strong binding of the aptamers to
the analytes resulted in the release of the UCNPs, thereby decreasing
FRET (Fig. 4.8).

By utilising this mechanism, the authors achieved a linear range
from 0.05 to 100 ng/mL for OTA and 0.1 to 500 ng/mL for FB; and a
detection limit of 0.02 and 0.1 ng/mL for OTA and FBy, respectively.
In terms of selectivity, aflatoxins B4, B,, G; and G,, fumonisin B,,
and zearalenone, which are all homologues of other mycotoxins
found in foods, were evaluated. It was determined that only FB; and
OTA could induce a dramatic fluorescence enhancement at their
corresponding peaks, whereas the other analogues could not. QDs
also exhibit a number of advantageous properties which make it an
attractive NM for the formation of graphene-NP hybrids for FRET-
based biosensors. In particular, QDs are inorganic and, as such,
exhibit good resistance to photobleaching. Moreover, they exhibit
a narrow emission band, broad absorption spectra, and have a
size-tunable emission [180]. Dong et al. [181] gave the first report
of efficient FRET between QDs and GO for biosensing applications
[181]. Specifically, CdTe QDs which were conjugated with either a
molecular beacon (MB), which is a single-stranded oligonucleotide
hybridisation probe with a stem-and-loop structure in which the
loop contains a probe sequence complementary to a target sequence
and the annealing of self-complementary 5" and 3’ ends forms a stem
or aptamer, were used to detect DNA concentration and sequence
(e.g. via MB) as well as proteins such as thrombin (e.g. via aptamer)
(Fig. 4.9). By utilising this structure, a linear range was obtained
from 50 to 1500 nM and an LOD of 0.5 and 50 nM was achieved
for thrombin and ssDNA, respectively, which is highly sensitive
and selective when compared to the other fluorescence or FRET-
based methods (Fig. 4.9) [181]. Specifically, the MB-QD probe was
able to differentiate between the perfectly complementary target,
single-base mismatched strand (signal was 40% of the perfectly
complementary target) and three-base mismatched strand (signal
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was 15% of that perfectly complementary target). Moreover, the
quenching efficiency was much higher for MB-QDs than the typical
efficiency seen in MB-based detection, which helped improve the
achievable sensitivity and dynamic range.
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Figure 4.8 Multiplexed fluorescence resonance energy transfer aptasensor.
(A) Schematic illustration of the multiplexed upconversion fluorescence
resonance energy transfer between aptamers-UCNPs and GO for FB1 and OTA
detection. (B) Upconversion fluorescence spectra of the multiplexed UCNPs-GO
FRET aptasensor in the simultaneous presence of 0-100 ng/mL FB; and OTA. (C)
A standard curve of the fluorescence intensity versus OTA concentration and
(D) FB; concentrations measured by this developed method. Reprinted with
permission from Ref. [179], Copyright 2012, American Chemical Society.
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Figure 4.9 FRET between QDs and GO to sense biomolecules. (A) Schematic
representation of GO-induced fluorescence quenching of MB-QDs and
biosensing mechanism. (B) Fluorescence emission spectra of MB-QDs (50 nM)
after incubation with (a) target (800 nM), (b) single-base mismatch strand
(800 nM), (c) three-base mismatch strand (800 nM) and (d) no target and then
addition of GO (0.1 pg/mL) for 5 min. Inset: Fluorescence intensity ratio Fy/F
for four cases. Reprinted with permission from Ref. [181], Copyright 2010,
American Chemical Society.
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Figure 4.10 DNA-templated silver nanoclusters—GO hybrids for the detection
of multiple nucleic acids. (A) Schematic representation of the preparation
of silver nanoclusters on DNA scaffolds in aqueous solution. (B) Schematic
illustration of the assay for label-free DNA detection using AgNCs-GO
nanohybrid materials. (C) Fluorescence emission spectra of P1 (1 mM) upon
addition of T1 with different concentrations: (a) control, (b) 1 nM, (c) 5 nM,
(d) 10 nM, (e) 50 nM, (f) 100 nM, (g) 300 nM, (h) 600 nM, (i) 800 nM and (j)
1000 nM, which was then quenched with GO. Inset: A zoomed-in view of the
data for low concentrations of target (a—e). (D) Linear relationship between (F
- Fo)/Fy (relative fluorescence intensity, where Fy and F are the fluorescence
intensities without and with the presence of target DNA, respectively) and the
concentration of target DNA (1-1000 nM). Error bars were obtained from three
parallel experiments. Reproduced from Ref. [184] with permission of The Royal
Society of Chemistry.
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Similarly, Li et al. [182] reported a novel “turn-on” fluorescent
sensor which utilised a QD/aptamer-GO hybrid to detect lead(II)
ions [182]. However, it should be noted that this concept could also
be readily applied to the detection of biomolecules. Specifically,
hybrids were formed between the aptamer-functionalised CdSe/ZnS
QDs, which had a characteristic fluorescence emission at 569 nm,
and GO via -7 stacking. In the presence of Pb?*, these complexes
were capable of changing their structural conformation from a 1D
structure to a G-quadruplex/Pb?* complex, leading to the detachment
of the QD/aptamer complex from the surface of GO. This detachment
then allowed for monitoring using fluorescence microscopy. In this
way, a linear response range of 0.1-10 nM and an LOD of 90 pM
(0.019 parts per billion) were achieved with this high sensitivity
to the superquenching capabilities of GO, the significant difference
in the affinity of the aptamer towards Pb?* and GO, as well as the
low-background signal due to the “turn-on” configuration. Moreover,
when comparing the performance of this sensor to previous reports
utilising fluorescence, colorimetric and electrochemical devices, this
hybrid sensor exhibited an LOD which was 1-3 orders of magnitude
better [183]. Finally, the sensor exhibited excellent selectivity
towards Pb?* wherein exposure to other metal ions such as Ag*,
Ca?*, Cd3*, CO?*, Cu?*, Fe?*, Hg?*, K** and Ni** did not induce any
evident change in fluorescence. Last, researchers have combined
GO with noble metal NPs to induce a double-quenching effect, which
resulted in an increase in the achievable signal-to-noise ratio and
thereby amplified the achievable sensitivity. For example, Qu et al.
[184] reported a DNA-silver nanocluster-GO nanohybrid material
for the detection of multiple nucleic acid targets (Fig. 4.10) [184].

In this biosensor, Ag nanoclusters were functionalised with
an ssDNA reporter having a cytosine-rich DNA sequence (Ci;)
resulting in highly fluorescent Ag nanoclusters. These DNA-silver
nanoclusters were then added to a solution of GO resulting in complex
formation via m-m stacking and fluorescence quenching. Once the
target sequence was introduced, the high binding affinity between
the reporter DNA and the target sequence resulted in the release of
the DNA-silver nanocluster and induced strong fluorescence which
correlated with the concentration of target sequence DNA present.
Using this mechanism, the multiple target nucleic acids could be
detected with a high sensitivity (LOD: 1 nM), which was attributed
to the high achievable signal-to-noise ratio resulting from the high
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quenching efficiency of GO. In terms of selectivity, the sensor could
discriminate between perfectly complementary target, one-base
mismatched target (88.4% of the perfect target’s signal), two-
base mismatched target (67.4% of the perfect target’s signal) and
noncomplementary target (22% of the perfect target’s signal). Chen
et al. [185] also reported a similar detection platform which utilised
AuNP-functionalised graphene for the detection of lead ions. This
sensor was found to function in the concentration range of 50-1000
nM and had an LOD of 10 nm [185].

4.1.1.3.2 SERS-based sensors

SERS is a surface-sensitive technique for the enhancement of Raman
scattering by molecules attached to or in close proximity of metal
nanostructures and is one of the best techniques available for
molecular analysis with sensitivities as low as the detection of single
molecules [186]. In particular, SERS is a phenomenon which can
amplify normally weak Raman signals by many orders of magnitude
and occurs due to a combination of chemical enhancement,
which is mainly related to the charge transfer between the metal
nanostructure and the analyte molecules with electromagnetic
enhancement (e.g. induced by the surface electron oscillation
in the structure) [187]. As such, SERS-based sensors have been
used in a variety of detection applications ranging from physics
and engineering to biology and medicine [188]. To achieve high
electric field intensities and to acquire significant enhancement
in achievable sensitivities, it has become a common practice to
pattern NPs/nanostructures composed of noble metals (e.g. Cu, Ag
or Au) on substrates (e.g. silicon wafer). Enhancement is primarily
caused by amplified, light-induced electric fields on the surface of
the patterned metallic NPs. Specifically, when the incident light is in
resonance with the oscillations of conducting electrons in a metallic
NP, all of the electrons are collectively driven to oscillate in an optical
phenomenon known as localised surface plasmon resonance (LSPR)
[189]. This LSPR phenomenon is then responsible for the strong
scattering and absorption of light, which is typically observed when
utilising metallic NPs. This phenomenon is also responsible for the
generation of enhanced E-fields on the surface of the NPs at sites
known as “hotspots”. Consequently, molecules within these hotspots
experience enormous enhancement in their Raman cross section,
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thereby potentially allowing for the detection of single molecules
[190]. Interestingly, graphene and GO also have the ability to enhance
Raman signals via a chemical enhancement mechanism, which is
independent of the Raman enhancement caused by noble metal NPs
[191]. In particular, it has been shown that mechanically exfoliated
graphene sheets can induce Raman enhancement with a maximal
enhancement of 17 fold, due to electron transfer between graphene
and the molecules adsorbed on its surface [192]. Therefore, by
using graphene or GO, which possesses numerous active oxygen
sites which can enhance graphene-metal NP/molecule binding, it
can be expected that the combination of graphene materials and
metal NPs would act synergistically to further enhance SERS when
compared to using either graphene or metal NPs alone (e.g. dual-
enhancement of Raman signals by hybrid materials via chemical
and electromagnetic enhancement). Using this strategy, graphene-
NP hybrid materials have been developed to successfully detect a
variety of biomolecules. For example, He et al. [193] developed an
SERS-active substrate based on AuNP-decorated CVD graphene and
used it for the multiplexed detection of DNA. Specifically, large films
of graphene (120 pm x 120 pm) were generated and AuNPs (20 to
50 nm) were formed spontaneously on the film by immersion in
HAuCl, wherein direct redox occurred between the metal ions and
the graphene sheets. To detect DNA, the AuNPs were functionalised
with thiolated DNA probes (up to two different DNA probes were
used). Following the exposure of the device to the target DNA and
the addition of a reporter DNA labelled with Cy3, which resulted in
the formation of a sandwich composed of capture/target/reporter
DNA, multiplex detection of DNA was achieved with an LOD of 10
pM (Fig. 4.11) [193].

Moreover, it was actually found that the SERS spectra of serum
were quite similar to that in water with comparable intensities and
the addition of a few peaks. He et al. [195] reported that the Raman
signals of FA were much higher on GO-AgNP hybrid structures
than on normal AgNPs due to the presence of strong electrostatic
interactions. GO-AgNP hybrids have also been applied to monitor
prohibited colorants in food [194, 195], wherein the GO-AgNP
hybrids were used to detect mixtures of up to four prohibited red
(e.g. allura red, ponceau, amaranth and erythrosine) or yellow (e.g.
lemon yellow, sunset yellow, orange II and chrysoidin) colorants
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Figure 4.11 Graphene-AuNP-based SERS platform for multiplex DNA
detection. The large-sized graphene films were grown by CVD on copper foils
and then transferred onto SiO,/Si substrate. Graphene film was then decorated
with AuNPs by immersing it into HAuCl, solution. The detection of target and
multiplex (two targets) DNA by Au-G-SiO,/Si substrate-based SERS sensor. SERS
spectra obtained in the absence of target DNA (black, C) and in the presence of 1
nM non-target DNA (red, B) and complementary target DNA (blue, A). Reprinted
with permission from Ref. [193], Copyright 2012, American Chemical Society.

by their characteristic peaks with an LOD of 1075 M. Similarly, GO-
AgNP hybrids prepared via a one-pot method, where tannic acid, a
water-soluble, phenolic hydroxyl-rich compound, was used as the
reducing agent, were used to detect H,0, and glucose without the
need for glucose oxidase at an LOD of 7 and 100 uM, respectively
[196]. Finally, Long et al. reported a disposable biosensor composed
of a GO-AgNP composite on a screen-printed electrode which was
capable of monitoring different polar antibiotics (e.g. MT, AT, 6-AA
and PG) in situ with an LOD of 1 nM (Fig. 4.12) [197]. In this case,
SERS was combined with electrophoretic preconcentration (EP),
a process which draws charged analytes towards SERS substrates
through electrostatic force, to increase the concentration of analyte
in the enhancement regions of the graphene-NP hybrid device. By
combining SERS with EP, the antibiotics could be selectively adsorbed
on the GO-AgNP sensor by controlling the applied potential in the
EP process, and the SERS spectra of a mixture of different analytes
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could be obtained and distinguished within a 10 min timeframe
without any preseparation. Last, GO nanocomposites have also
been applied for live cell-based SERS applications. Liu et al. [198]
recently reported a graphene-AuNP hybrid for SERS in which gold
nanostructures were grown intracellularly [198]. Specifically, this
process was assisted by polyvinylpyrrolidone (PVP)-functionalised
GO, which acted as an activator for AuNP (IGAuNPs) biosynthesis.
In terms of its mechanism of action, PVP is a nonionic, water-
soluble and nontoxic polymer surfactant which can be employed as
a stabilising and coordinating agent for the synthesis of metal NPs
[199]. As such, by delivering trace amounts of PVP into the cell via
functionalisation of GO, not only did PVP serve as a biocompatible
stabiliser for GO, but it also provided a template to coordinate the
reduction of gold ions via intracellular redox systems, thereby
forming 100 nm graphene-AuNP hybrids termed PVP/GO/IGAuNPs
(Figs. 4.13(A,B)) [198].
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Figure 4.12 Graphene-AgNP sensor based on electrophoretic preconcentra-
tion and SERS. Schematic representation of a disposable Ag-graphene sensor
for the detection of polar antibiotics in water. The magnification insets show
the fabrication of Ag-graphene sensors and the electrophoretic preconcen-
tration process of polar antibiotics. The distribution of antibiotics molecules
is sketched for the case of a negatively charged analyte. At a given potential,
most of the negatively charged antibiotics are concentrated onto the positive-
ly charged printed electrode, due to the generated electric field between the
working electrode and the counter-electrode. In SERS experiments, the laser
comes vertically from the side view of the spectro-electrochemical cell and is
focused on the Ag—graphene sensor. SPE = screen-printed electrodes. Reprinted
from Ref. [197], Copyright 2013, with permission from Elsevier.

165



166

Potential Applications

(o

k / Cytoplasm D) .~ Cytoplasm
x 4— Nucleoplasm 2000 = «— Nucleoplasm
F Nucleolus E] - .
6000 S 18004 Nycleolus
% 2
7]
2 [
§ 4000 £ 1000
g =
< 8
£ 2000 E 500
S &
04
O- T T T T T T T T T T
600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
Raman Shift/cm” Raman Shift/cm™

Figure 4.13 Intracellularly grown GO-AuNP hybrids for SERS. (A,B) TEM
images of A549 cells containing GO/PVP/IGAUNs nanocomposites. (C, GO/PVP/
IGAUNSs; and D, IGAuUNs) SERS spectra of A549 cells collected from the regions
corresponding to the cytoplasm, nucleoplasm and nucleolus. Reprinted with
permission from Ref. [198], Copyright 2012, American Chemical Society.

The distribution of PVP/GO/IGAuNs in the cells (A549, 4T1,
HeLa cells) then allowed for the sensitive monitoring of intracellular
chemical compositions, including proteins, nucleic acids, lipids and
carbohydrates within 15 h. Moreover, the hybrids could be used
to monitor the intracellular composition of the different cellular
compartments, including the cytoplasm, nucleoplasm and even
the nucleus using SERS (Figs. 4.13(C,D)). Specifically, a comparison
between the SERS spectra of GO/PVP/IGAuNPs and IGAuNPs alone
showed that the hybrid structure results in a five times larger Raman
enhancement, possibly due to the formation of IGAuNP aggregates
on GO; the device showed potential for cancer detection. Similarly,
Liu et al. [201] also reported GO-AgNPs, which enabled very rapid
cancer cell probing and imaging with a detection time of 0.06 s per



Biomedical Applications

pixel [200]. In this case, the GO-AgNP composites were synthesised
via an in situ reduction process which also used PVP as the reductant
and stabiliser [201]. For their studies, Raman images of HeLa cells
were taken after 8 h of incubation with 1 ug/mL GO or GO-AgNPs.
The Raman signals of GO were almost undetectable in the cells
incubated with GO alone. However, the hybrids showed remarkable
enhancement (~48.4-fold enhancement). Finally, selective labelling
of cancer cells could be achieved by covalently functionalising the
GO-AgNPs with FA.

4.1.1.4 Plasmonic biosensors

SPR biosensors are currently the most widely used platform for
label-free, real-time sensing and monitoring of biomolecules and
molecular reaction events [202]. Typically there are two classes: The
first class is prism-coupled SPR sensors, which utilise propagating
SPP on a flat functionalised thin metal film [203]. SPPs are excited
at specific angles and wavelengths resulting into a sharp dip in
reflectance (see Fig. 4.14).
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Figure 4.14 (a) Scheme of a prism-coupled SPR biosensor in the Kretschmann
configuration (where a thin metallic layer is formed on the substrate and
acts itself as the spacer). A high-index prism is used to match the incident
wave’s wavevector lateral component to the SPP wavevector. (b) Scheme
of a nanoplasmonic biosensor. Functionalised NPs can be simultaneously
interrogated within an optical imaging approach. Adapted by permission from
Macmillan Publishers Ltd: Nature Photonics, Ref. [202], Copyright 2012.

Sensing occurs by monitoring the change in resonant angle or
wavelength caused by adsorbed analytes on the metal surface.
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This is the commercial standard providing the best sensitivity and
proven functionality, at the expense, however, of necessitating bulky
optical components and alignment systems, prohibiting compact,
low-cost devices, and high-throughput bioanalytical measurements.
Proposals to overcome this limitation [209, 210] include SPP
excitation by nanoholes [202, 211], nanopits [212], nanoslits [213]
or gratings [214], with the possibility of utilising SPP interference in
a Mach-Zehnder interferometric configuration [215-217].

The second class of SPR biosensors is nanoplasmonic sensors
[218-220], which utilise localised SPR (LSPR) in NP assemblies [221-
223] and metamaterials [224, 225], typically excited by normally
incident collimated beams. The plasmonic nanostructures exhibit
sharp resonances due to LSPRs, and sensing occurs by monitoring
the change in resonance wavelength caused by analytes adsorbed on
the nanostructured metal surface (see Fig. 4.14). This configuration
enables an imaging scheme for a low-cost, miniaturised, high-
throughput on-chip biosensing platform. With careful tuning and
optimisation of the metal nanostructures, nanoplasmonic sensors
can surpass the performance levels of state-of-the-art commercial
prism-coupled SPR sensors [226], offer single-molecule detection
[215, 216] with label-free biosensing methods [227]. Graphene
has several properties which could enhance biosensing: intrinsic
plasmons in the infrared (IR) to terahertz (THz) range with high
field concentration [228-230] and long lifetime [231-233], constant
absorption in visible to IR [234], high biomolecule functionalisation
capability due to m-stacking interactions [235-237], low small-
molecule permeability offering passivation against corrosion
[238-240]. In particular, graphene can provide new perspectives in
plasmonic sensing in three main ways: (i) as a functional surface,
which supports intrinsic surface plasmons at IR frequencies: SPPs in
bulk and LSPRs in nanostructured graphene; (ii) as a functional gate
tunable coating for existing plasmonic devices: functionalisation
of Au and Ag surfaces (bulk or nanostructured), LSPR control and
tuning via gating, protection against corrosion for Ag and Cu [241];
(iii) as a direct transducer eliminating the need for optical detection.
The vision for graphene-based plasmonic sensing is the development
of a low-cost, ultrasensitive, ultracompact, label-free, on-chip, high-
throughput and real-time sensing platform.
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4.1.2 Delivery of Drugs and Genes

The delivery of small-molecule drugs and biomacromolecules (e.g.
proteins, peptides, genes) to specific tissues of interest has been a
fundamental approach in medicine. As compared to the conventional
method of oral administration or intravenous injection, significant
effort has been dedicated to enhancing bioavailability, achieving
targeted delivery, more effectively solubilising drugs/biomolecules
of interest and protecting drugs/biomolecules from enzymatic
degradation [242]. In this regard, NM-based delivery platforms
have revolutionised drug delivery systems, providing benefits from
both the effective delivery and imaging standpoints [243]. Since the
discovery of graphene in 2004, there has been increasing interest in
loading graphene-based NMs for the delivery of drugs/genes due to
graphene’s high specific surface area and unique modes of complex
formation, including m-m stacking, electrostatic interactions and
hydrophobic interactions [244]. The well-controlled modification
of graphene materials with NPs to form graphene-NP hybrids has
been applied to improve their utility for both in vitro cancer cell
assays and in vivo chemotherapies. In particular, as with the other
cellular applications mentioned so far, the formation of graphene-
NP hybrids can prevent aggregation and provide additional
functionalities over graphene or NPs alone. Additionally, graphene-
NP hybrids can greatly improve the drug-loading capacity over
graphene materials alone due to increases in overall surface area. To
this end, early work focused on optimising synthetic procedures to
achieve high drug loading of poorly soluble drugs while maintaining
maximal potency. For example, Yang et al. [245] formed a GO-Fe;0,
hybrid to investigate the binding of the anticancer agent doxorubicin
(DOX). The hybrids were prepared via chemical deposition, followed
by conjugation of DOX via sonication and overnight stirring resulting
in a drug-loading capacity as high as 1.08 mg/mg. AuNPs and GO
further improved the DOX-loading capacity to 6.05 mg/mg with a
hybrid containing IONPs, which is significantly higher than GO alone
(2.35 mg/mg) [246]. While a range of drug-loading capacities have
been demonstrated, the maximum achievable loading is heavily
dependent on the synthetic conditions employed to prepare the
hybrids, the chemical composition of individual components (e.g.
GO, RGO, Fe304, Au, etc.) and the structure/composition of the
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small-molecule drug. While attaining sufficient drug loading is a
key criterion for achieving a therapeutic effect, the effective delivery
of the hybrid nanocarrier into the desired cancer cell/tissue is
equally important. In one study, gold nanocluster (GNC)-RGO
nanocomposites were loaded with DOX to investigate the effect on
hepatocarcinoma (HepG2) cells [247]. Specifically, GNCs ranging
between 2 and 3 nm in diameter were noncovalently attached onto
the RGO surface resulting in GNC-RGO nanocomposites which were
less toxic than GNCs alone (IC50 values: 1.36 pg/mL for GNC-RGO
versus 0.36 pg/mL for GNCs). Next, DOX was loaded onto the GNC-
RGO nanocomposites at a 91% drug-loading efficiency, where the
concentration of DOX was 0.22 mg/mL and that of GNC-RGO was
1 mg/mL. It was found that the DOX-loaded GNC-RGO inhibited
HepG2 cell growth more strongly than DOX and GNC-RGO alone,
which suggested that DOX was more effectively transported into
the cell by the GNC-RGO nanocomposite than when used alone.
Moreover, while DOX treatment alone led to DOX molecules resting
on the cellular membrane, the DOX-loaded GNC-RGO allowed DOX to
be well distributed inside the cells, thus suggesting the importance
of such a composite vehicle to enhance membrane permeability.
In a similar study, NGO sheets were wrapped onto the surface of
individual AuNPs and then noncovalently bound with DOX for
delivery into HeLa cells [248]. This methodology generated Au@
NGO composites with a hydrodynamic size of 133.5 nm in culture
media, a size range which allowed for facile cellular delivery. The
intrinsic SERS signal from the Au@NGO further allowed for Raman
imaging, which confirmed the efficient delivery and distribution
of the nanocomposites in the cytoplasm. Interestingly, sustained
release of the drug was observed in the DOX-loaded Au@NGO
composite condition, wherein the red fluorescence (DOX) within
the nucleus gradually increased over 48 h and became higher than
that seen in the cytoplasm. In contrast, treatment with an equivalent
amount of DOX showed fast nuclear accumulation within only 2 h,
with no further enhancement in fluorescence over time. Moreover,
DOX-loaded Au@NGO induced a significant decrease in HeLa cell
viability when compared to free DOX (Fig. 4.15C). This work suggests
that while treatment with free DOX led to a burst dosing profile, the
Au@NGO composite allowed for sustained release within the cancer
cells, showing promise for long-term therapeutic efficiency. Targeted
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delivery of therapeutic agents is also highly desirable because it can
allow for higher bioavailability of the agent at its site of action, while
reducing side effects [250]. As compared to passive transfection into
cancer cells, a number of studies have attempted to chemically or
physically modify the drug-loaded hybrid nanocomposite to enhance
cellular internalisation.
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Figure 4.15 Remote-controlled drug release from GO-capped mesoporous
silica to cancer cells by photoinduced pH-jump activation. (A) Schematic
illustration of DOX@MS-BA-GOF as a drug delivery system for remote light
control of drug release. (B) TEM images of amine-terminated mesoporous silica
(b1), boronic acid-grafted MS (b2), and GO-capped MS-BA (b3). (C) Viability
of Hela cells after being incubated with different NPs (MS-BA-GOF, MSP-BA-
GOF and DOX@MSP-BA-GOF). Cytotoxicity of DOX@MSP-BA-GOF and DOX@
MSP-BA-GO incubated with Hela cells and LO2 cells for 24 h. Reprinted with
permission from Ref. [249], Copyright 2014, American Chemical Society.

Fanetal.[251] prepared agraphene-CNT-MNP (Fe;04) nanocom-
posite to investigate the delivery of the anticancer drug 5-fluorouracil
(5-FU) into HepG2 cells. While the high specific surface area of gra-
phene allowed for higher drug loading than graphene-based drug
carriers alone and the IONPs imparted superparamagnetic behav-
iour to the nanocomposite, the incorporation of CNTs was found to
enhance transportation of the graphene-CNT-Fe3;0, hybrid across
the cell membrane. TEM images comparing magnetic CNT nano-
composites (CNT-Fe30,) and magnetic graphene nanocomposites
(graphene-Fe;0,) showed distribution of the CNT-Fe;0, nanocom-
posites in the cell cytoplasm but graphene-Fe;0, only outside of the
cell. The study further showed dose-dependent in vitro cell toxicity
studies using the graphene-CNT-Fe;0, for fluorouracil (5-FU) drug
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delivery, providing further evidence for improved cellular delivery.
On the other hand, to achieve a more targeted drug delivery, Chen
et al. [252] designed a QD-graphene-based hybrid composite which
was conjugated with the transfer in (Trf) ligand. Specifically, Trf li-
gands are known to bind with high affinity to Trf receptors, which
are expressed on the plasma membrane of various types of cancer
cells [253]. DOX-graphene-QD-Trf (loading capacity 1.4 mg/mg) was
incubated in a Trf positive cell line (HeLa) and a Trf negative cell
line (HEK293). The DOX-graphene-QD-Trf exhibited increased toxic-
ity to HeLa cells as compared to the HEK293 cells, while the DOX-
graphene-QD and DOX-graphene-QD-Trf showed a similar effect on
HEK293 cell viability. This effect was attributed to the specific Trf
receptor recognition, which suggested that the ligand-specific con-
jugation of the nanocomposites could selectively increase drug cyto-
toxicity. Moreover, the QDs (CdTe-CdS nanocrystal clusters) allowed
for fluorescence imaging, thus providing the capability to track and
monitor drug delivery. In addition to targeted therapies, remotely
triggerable drug delivery systems have become popular because
they enable the user to adjust dosing regimens on demand based on
a patient’s physiological response [254]. In a recent study, He et al.
describe a photocontrolled release system by incorporating a pho-
toacid generator (PAG) into DOX-loaded, GO-capped MSNPs (Figs.
4.15(A,B)) [249]. In particular, PAG can generate strong acid via il-
lumination with UV or near-UV light [255]. As such, by assembling
GO as nanogates on the MSNPs with acid-labile boroester linkers,
the PAG was used to generate a locally high concentration of H* upon
illumination. This, in turn, induced the hydrolysis of the boroester
linkers to open the pores (by releasing the GO cap) and release the
loaded DOX. The nanocomposites were further conjugated with
folate, which allowed for targeted delivery to cancer cells overex-
pressing FRs. Selective cell death from the DOX-loaded nanocompos-
ites was indicated by the significant cell death of approximately 80%
in HeLa cells (high expression of FRs), but a negligible change in cell
viability of LO2 cells (low expression of FRs) (Fig. 4.15C). While the
majority of studies on graphene-based nanocomposites for drug de-
livery applications have employed inorganic NPs for complexation
with GO, Wang et al. [256] were among the first to demonstrate the
use of a soft NP in this regard, by adsorbing zwitterionic dioleoyl-
sn-glycero-3-phosphocholine (DOPC) liposomes onto NGO. The ra-
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tionale for using DOPC liposomes was to adsorb multiple molecules
on the same surface with little intermolecular competition, thus al-
lowing for highly effective drug loading and controlled release. The
nanoscale heterogeneity of the GO surface proved to be ideal, where-
in DOX was loaded using the well-established hydrophobic interac-
tions with the basal aromatic surface. On the other hand, the DOPC
liposomes were speculated to adsorb using hydrogen bonding and
hydration forces with the peripheral carboxyl groups. As such, DOPC
liposomes may be adsorbed on GO at different sites from DOX, there-
by avoiding competition. Interestingly, the DOPC/NGO complex not
only exhibited improved aqueous dispersion and colloidal stability,
but also allowed for an increased loading capacity of DOX (~500%)
as compared to loading on only GO (~300%), which indicated that
the DOPC liposomes did not interfere with the drug loading. In addi-
tion, it was also found that while free DOPC liposomes were not in-
ternalised by HeLa cells, the DOPC/NGO complex had high colloidal
stability and readily entered the cells. Finally, the DOPC liposomes
were simultaneously loaded with a calcein dye and delivered to HeLa
cells, which exhibited a decrease in cellular viability (due to DOX)
and green fluorescence from calcein. As such, this new soft NP-based
GO hybrid system exhibited the ability to codeliver molecules with
opposite properties (e.g. DOX is cationic and hydrophobic, while cal-
cein is negatively charged and hydrophilic) using a single platform.
Last, while the delivery of small-molecule drugs has been extensive-
ly explored using graphene-NP composites, there have been limited
studies demonstrating their use for gene delivery. PEG and polyeth-
ylenimine (PEI)-grafted graphene/Au composites (PPGA) have re-
cently been used for the delivery of small interfering RNA (siRNA)
into human promyelocytic leukaemia cells (HL-60) [258]. The poly-
mer coatings served specific functions, wherein the cationic PEI was
used to bind electrostatically with negatively charged siRNA, while
the PEG promoted high water dispersibility and excellent blood
compatibility. The PPGA composites showed biocompatibility for in
vitro cultures when used at concentrations below 20 pg/mL, as well
as knockdown of BCL-2 protein expression at a PPGA/siRNA mass
ratio of 100:4. Moreover, because these composites also contained
AuNPs, the photothermal effect of PPGA was demonstrated under
NIR laser irradiation. Finally, Wang et al. [257] developed a strategy
to combine chemotherapy and gene therapy using a single chitosan
magnetic-graphene (CMG) nanocomposite platform.
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Figure 4.16 Multifunctional chitosan magnetic-graphene NPs for tumour-
targeted codelivery of drugs, genes and MRI contrast agents. (A) Schematic
showing the generation of DOX-loaded chitosan functionalised magnetic
graphene complexed with DNA plasmids encoding GFP (DOX-CMG-GFP-DNA)
complexes. (B) GFP expression and DOX fluorescence in frozen sections from
mice injected with DOX-CMG-GFP-DNA (30 ug of DOX and 25 pg of GFP-DNA),
examined using a fluorescent microscope at 400x magnification. Expression
was quantified and normalised to control background. Reproduced from Ref.
[257] with permission of The Royal Society of Chemistry.
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The CMG nanocomposites were synthesised by the in situ growth
of IONPs on the RGO surface, followed by the covalent binding of
chitosan. Thereafter, DOX was physically adsorbed onto the CMG
composites (via interaction with GO) and a green fluorescent protein
(GFP) reporter DNA plasmid (via interaction with positively charged
chitosan). These DOX-CMG-GFP complexes (30 pg of DOX and 25 pg
of GFP-pDNA per mouse) were administered intravenously to LLC1
tumour-bearing mice, whereby the presence of DOX (red) and GFP
(green) expression was observed in frozen mouse sections (Fig.
4.16) after 24 h and 48 h. Biodistribution studies further showed
significant accumulation in the tumour site, with lower accumulation



Biomedical Applications

in the liver and spleen. Moreover, the MNPs in the CMG composites
allowed for MR imaging. Delivering medicines, as shown in Fig. 4.17,
to a patient in a controlled manner is one of the main research areas
in nanomedicine [81]. The nanodevices carrying the medicines
should deliver a certain amount of a therapeutic agent for a
controlled period of time to a targeted diseased area within the body:.
Graphene’s water-soluble derivatives have potential application in
drug delivery [259] and enzyme immobilisation [260]. PEG-GO was
applied as a nanocarrier to load anticancer drugs via non-covalent
physisorption [261].

modified graphene drug-loaded graphene
drug §

;

Figure4.17 Scheme of drug delivery. Functionalised graphene loaded with the
drug is internalised via endocytosis. The drug then escapes from the endosome
and is released into the cytoplasm. Adapted from Ref. [262] under the Creative
Commons Attribution License.

The loading and release of doxorubicin hydrochloride, e.g., was
investigated as anticancer treatment [261]. The loading ratio (weight
ratio of loaded drug with respect to carriers) of GO was up to 200%
higher than with others nanocarriers, such as NPs, which usually
have aloading ratio lower than 100% [102]. [t was also reported that
GO functionalised with sulphonic acid followed by covalent binding
of folic acid allows to specifically target human breast cancer cells
[263]. Controlled loading of two cancer drugs, such as doxorubicin
[264] and camptothecin [265], via m-m stacking and hydrophobic
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interactions was investigated [263]. These results paved the way to
engineering graphene-based drug delivery.

4.1.3 Stem Cell and Tissue Engineering Approaches

Tissue engineering is a growing field of study which combines
living cells and biocompatible materials to create constructs which
can potentially repair or replace the function of living tissues and
organs [266]. With regard to living cells, stem cells are an attractive
cell source for tissue engineering applications because they exhibit
the ability to self-renew and differentiate into specific cell lineages.
However, guiding stem cell differentiation towards a desired cell
type tends to require precise control over the biochemical and
physical microenvironmental cues. In this regard, engineering
cellular microenvironments to promote stem cell attachment,
growth, viability and differentiation has been a major area of focus.
As such, graphene has proven to be a promising candidate for stem
cell engineering, exhibiting excellent biocompatibility and tunable
functionalities for cultures of embryonic stem cells (ESCs), induced
pluripotent stem cells (iPSCs), mesenchymal stem cells (MSCs) and
neural stem cells (NSCs) [267, 268]. Moreover, further work has
explored ways to arrange graphene-based NMs into 3D architectures,
with the goal of designing tissue-like transplantable scaffolds [269].
With the increasing interest in adding greater functionality to
cellular scaffolds, a handful of studies have investigated the potential
of graphene-NP hybrids for stem cell and tissue engineering with
great success. Graphene-coated surfaces have been found to be
conducive to protein attachment, potentially due to the hydrophobic
and hydrophilic patches found on the surface of proteins [270]. As
mentioned previously, an early study conducted by Deng et al. [112]
demonstrated the incorporation of proteins on the GO surface to
efficiently assemble NPs of different size, shape composition and
surface properties. Using BSA as a model protein, BSA-coated GO
were used to assemble presynthesised metallic NPs (Au, Pt, Pd, Ag)
and/or nonmetallic NPs (latex). The work concluded that multiple
interactions mediated via specific chemical groups led to the
adsorption of protein (e.g. cysteine, lysine, histidine residues) and
that the GO surface could serve as a “universal adhesive” to facilitate
the attachment of NMs and, potentially, cells.
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The nanoscale topography of hybrid surfaces can also present
a unique extracellular microenvironment to control stem cell be-
haviour (e.g. cell shape, adhesion, proliferation and differentiation)
[271]. For this purpose, nanotopographical substrates composed
of RGO and positively charged polysaccharide chitosan have been
fabricated with the hypothesis that the unique, biocompatible
nanotopography could provide an effective environment for the
differentiation of human MSCs [269]. The mixture of RGO and chi-
tosan at varying ratios (0-5% w/w) produced NP-like composites,
which upon spin-coating onto bare glass substrates introduced
surface roughness which ranged from 0.9 to 7.7 nm. While it was
observed that the presence of higher concentrations of graphene
on the substrates decreased the proliferation rate of human MSCs,
concentrations of less than 0.1 mg/mL had minimal cytotoxicity. On
the other hand, cellular adhesion was found to be greatest on the
5% RGO-chitosan substrates and provided a suitable environment
for proliferation. These nanocomposite substrates were further ob-
served to enhance bone differentiation, both with and without os-
teogenic induction media, as well as neurogenesis under neurogenic
conditions. In this way, the unique nanoscale topographical cues of
the graphene-chitosan nanocomposites are likely to play a crucial
role for human MSC differentiation, although the exact mechanism is
not yet understood. Along these lines, Solanki et al. [272] generated
arrays of graphene-NP hybrid structures to guide the differentiation
and alignment of human NSCs. Positively charged SiNPs (300 nm)
were assembled on glass substrates using a centrifugation process,
after which negatively charged GO was deposited (Fig. 4.18). These
hybrid films were further coated with the extracellular matrix pro-
tein laminin to facilitate adhesion and growth of human NSCs. After
2 weeks of culture, the graphene-NP hybrid nanostructures were
observed to promote a higher efficiency of differentiation into the
neuronal cell lineage. Interestingly, cellular extensions were seen
to spread in a unidirectional manner after 5 days of culture. This
axonal alignment was observed to be maximal on the hybrid films,
in which the SiNP-GO substrates showed the smallest variation in
the angle of orientation of axons as compared to control substrates
(Fig. 4.18B).
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Figure 4.18 Biocompatibility of graphene materials. Effects of GO on human
fibroblast cells. (A) The survival rate at different concentrations of GO and at
different periods of exposure. (B) TEM picture showing the location of GO inside
human fibroblast cells as indicated by the black arrows. Reprinted from Ref. [273]
under the Creative Commons Attribution License. (C) Differential interference
contrast image showing the accumulation of pristine graphene on the plasma
membrane of Vero cells. (D) Fluorescence confocal microscopy of cytoskeletal
F-actin arrangement of cells treated with pristine graphene. Reproduced from

Ref. [274] with permission of The Royal Society of Chemistry.

This behaviour was further observed on hybrid films generated
on flexible and biocompatible polymeric substrates, underscoring
the potential of using the graphene—-NP hybrids for guided neural
tissue engineering. However, a further study is required to fully
understand the underlying mechanisms governing the observed
neuronal differentiation and axonal alignment. Finally, an essential
step in conducting stem cell studies is the ability to monitor the
differentiation process and identify the stage of differentiation,
which can give insight into the development of effective stem-
cell-based therapies. Many of the conventional techniques used to
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distinguish undifferentiated versus differentiated stem cells, such
as immunostaining, fluorescence-activated cell sorting (FACS)
and Western blotting, tend to be laborious, time-consuming and
destructive. A graphene-NP platform based on SERS detection
was shown to be an effective and highly sensitive tool which could
distinguish undifferentiated and differentiated stem cells while
maintaining cell viability [275]. In particular, GO-encapsulated AuNP
films were generated on indium tin oxide (ITO) surfaces, followed
by use for the culture of mouse NSCs. On the basis of several reports,
undifferentiated stem cells have been found to contain molecules
bearing a high number of C-C bonds (high degree of saturation)
as compared to differentiated cells [276]. Given that such bonds
have strong affinity to GO, the GO-AuNP films were effectively
used to measure the SERS signal and distinguish such chemical
heterogeneity between C-Cbonds (1656 /cm) and C-Hbonds (1470/
cm). By measuring differences in the SERS signal, the differentiation
state of the NSCs was detected and validated via immunostaining.
These results were further verified by detecting the electrochemical
signals with CV in a microgap configuration containing GO-AuNP
films. As such, the use of GO-NP composites provided unique
multifunctionalities wherein the GO-AuNP films could act as a
biocompatible substrate for cell differentiation as well as SERS and
electrochemical detection to provide a noninvasive and effective
method for the in situ monitoring of stem cell differentiation.

4.1.4 Imaging and Diagnosis

Luminescent QDs are widely used for bio-labelling [277] and
bioimaging [278]. However, their toxicity [279] and potential
environmental hazard [280] have limited their widespread use
and in vivo applications. Fluorescent biocompatible carbon-based
NMs might be a more suitable alternative. Fluorescent species in
the IR and NIR are useful for biological applications, because cells
and tissues show little auto-fluorescence in this region [281]. The
optical properties could be exploited in biological and medical
research, such as imaging and, consequently, diagnosis. Luminescent
graphene-based materials can now be routinely produced covering
IR, visible and blue [89, 282-284].
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4.2 Energy Applications

Following are the major energy-related applications of graphene-
based nanostructures [51-62, 68-71]. Storage and conversion are
essential for energy production and saving. Energy can be stored in
a variety of ways depending on the intended use with each method
having its advantages and disadvantages. Batteries, capacitors and
fuel cells have been used and studied for over a century to store
energy. The need to develop sustainable and renewable energy
sources is leading society to develop energy from sources which are
not continuously available such as Sun and wind. In addition, there
is a significant need to have portable energy not only for portable
devices but also for transportation, to decrease the reliance on fossil
fuels. Batteries and electrochemical capacitor storage devices are
the most common means of storing energy, and fuel cells are also
coming into their own. However, a number of challenges need to be
addressed to improve their performance and viability. Therefore,
high-energy electrodes are increasingly important.

4.2.1 Lithium-lon Batteries

Increasing energy demands have motivated researchers to look
for alternative energy resources. Among various alternatives,
a considerable attention has been given to the LIBs due to its
rechargeable characteristics, higher specific energy and longer life
cycle. Graphene sheets have unique properties, including superior
electrical conductivity, high surface-to-volume ratio, ultra-thin
flexible nature and chemical stability, which make them an ideal
candidate to build composites with metal and metal oxide NPs for
energy-storage applications. Various electrode materials based
on transition metal oxides such as SnO,, Co30,4, Fe30,4 TiO, and
Mn30, are proposed for LIBs to achieve higher specific capacities
than currently being used. These transition metal oxides have very
high theoretical capacities but extremely low electrical conductivity,
which restricts their direct application in LIBs. For instance, Mnz0,
has electrical conductivity about 1077-1078 S/cm, which limits its
specific capacity lower than 400 mA-h/g. Higher reversible capacity
(794-1054 mA-h/g) and cyclic stability were also demonstrated
in disordered graphene nanosheets, as the presence of edge and
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vacancy defects in graphene sheets provides additional reversible
storage sites for Li ions. Researchers have made significant efforts
towards the development of high cyclic performance of the LIBs
using nano metal oxide and graphene composite, summarised in
Table 4.1.

Table 4.1 Graphene-based LIB materials and properties

Graphene-based hybrid  Energy density Energy density

nanocomposites (mA-h/g) (mA/g) Cycles
Graphene-encapsulated 1000-1100 74 130
Co304

Graphene-anchored Co30, 935 50 30
Graphene-Mn;0, 730-780 400 50
Sn0,-graphene 625 10 10
Graphene-wrapped Fe;0, 1026 35 30
Anatase TiO,-FGS 160 — 100
Rutile TiO,-FSG 170 — —
Graphene-Si 2200 — 50
(GNS) GNS + C60 600 50 20
GNS + CNT 480 50 20
Graphene-SnO, 810 50 30

(nanoporous electrode)

Source: Reprinted from Ref. [4], Copyright 2011, with permission from Elsevier.

These metal oxide NPs are grown on GO using solution chem-
istry followed by hydrothermal, thermal or chemical reduction
to intimate contact between RGO and NPs. The use of anionic sur-
factant (i.e. sodium dodecyle sulphate) helps in dispersing individ-
ual graphene sheets and in situ crystallisation of metal oxide parti-
cles. TiO,/RGO composites were prepared for LIB electrodes using
surfactant-assisted growth of NPs of TiO, and showed more-than-
double specific capacity than control rutile TiO, at a high discharge
rate. An advantage of graphene-CNT composites lies in the fact that
the basal spacing between the graphene layers can be enlarged with
CNT spacers, which benefits the storage capacity of LIB applica-
tions. [4, 51-62]. The unique properties of graphene make it an ideal
candidate to build composites with metal and metal oxide NPs for
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energy-storage applications. In such composites, graphene provides
support for NPs and prevents the volume expansion-contraction of
NPs during charge and discharge processes. Studies show that the
addition of graphene-based materials to transition metal oxide en-
hances the specific capacity of the electrodes at high discharge rate
and improves the electrochemical stability for longer cycles. The
improvement was attributed to the excellent electronic conductiv-
ity, high surface area, thermal and chemical stability and mechanical
flexibility of monolayer graphene sheets.

The flexible graphene sheets accommodate a large volume ex-
pansion of metal oxide during the charge-discharge process and
prevent the pulverisation of electrodes leading to higher electrical
conductivity of the electrodes. Moreover, high surface area of gra-
phene facilitates Li ions intercalation. Researchers have made a sig-
nificant effort towards the development of high cyclic performance
of the LIBs using nano metal oxide and graphene composite (Fig.
4.19). These metal oxide NPs are grown on GO using solution chem-
istry followed by hydrothermal, thermal or chemical reduction to
intimate contact between RGO and NPs [285].
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Figure 4.19 Reversible (charge) capacity versus cycle numbers at a current
density of 0.05 A/g, for natural graphite (i), pristine GO (ii), hydrazine-reduced
GO (iii), 300°C pyrolytic GO (iv), 600°C pyrolytic GO (v) and electron-beam-
reduced GO (vi). Reprinted with permission from Ref. [285], Copyright 2009,
American Chemical Society.
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Many forms of storage exist, including large-scale storage such
as hydroelectric power and compressed air, as well as fly wheels and
electrochemical energy storage (Li-ion batteries, redox flow batter-
ies and SCs). At present, Li-ion batteries, using the chemistry of an
LiCo0, cathode and a graphite anode [286-289], are considered by
the batteries community the leading candidates for hybrid, plugin
hybrid and all electrical vehicles and for utility applications. The
energy density and performance of Li-ion batteries largely depend
on the physical and chemical properties of the cathode and anode
materials. Conventional Li-ion batteries utilise graphite as the anode
[290]. The low theoretical specific capacity (i.e. the total ampere-
hours (Ah) available when a battery is discharged at a defined val-
ue of discharge current, per unit weight) of graphite (372 mA-h/g
[290]) makes it important to find alternative negative electrodes. Si
(4200 mA-h/g) [291] or Sn (994 mA-h/g) [292] has higher capac-
ity. However, their application as anodes in Li-ion batteries has been
limited by their poor cycling (i.e. the number of charge-discharge
cycles before the battery fails to meet performance criteria, e.g. spe-
cific capacity below 60% of nominal value) caused by large volume
changes during the uptake and release of Li [293]. The search for
suitable cathode and anode materials has proven challenging. The
possibilities for the improvement of cathode materials are quite lim-
ited due to stringent requirements such as high-voltage potential,
structural stability and inclusion of Li in the structure [294, 295].
Many potential electrode materials (e.g. metal oxide) in Li-ion bat-
teries are limited by slow Li-ion diffusion and poor electron trans-
port at high charge-discharge rates [288, 289]. To improve the
charge-discharge rate performance of Li-ion batteries, extensive
work has focused on Li-ion and/or electron transport in electrodes
[296]. Nanostructures (e.g. nanoscale size [297] or nanoporous
[298] materials) have been widely investigated to improve Li-ion
transport in electrodes by shortening the Li-ion insertion/extrac-
tion pathway [296, 299]. Varieties of approaches were developed to
increase electron transport in the electrode materials, such as the
use of conductive coatings (e.g. carbon black, CNTs [300-302]). In
Li-ion batteries, higher energy requires electrodes with high con-
ductivity and improved resistance to reaction with electrolytes.
Graphene may be an ideal conductive additive for hybrid nanostruc-
tured electrodes [303, 304]. Other advantages include high surface
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area (theoretical ~2630 m?/g) for improved interfacial contact and
potential for low manufacturing cost [305]. High-surface area RGO
sheets were studied for Li-ion storage [306]. In addition, RGO was
used to form composites with SnO, in order to improve specific ca-
pacity and cyclic stability of anodes [307]. GRMs were also used as
a conductive additive in self-assembled hybrid nanostructures to
enhance performance (i.e. charge-discharge capacity and current
and energy density) of electrochemical active materials [308, 309].
However, the majority of electrodes were fabricated exploiting CMG,
and only the full potential of graphene produced by LPE was ex-
ploited in electrodes for Li-ion batteries [310]. It was reported [310]
that electrodes based on Cu-supported graphene nanoflakes ink can
reach specific capacities of ~1500 mA-h/g at a current rate of ~100
mA/g and specific capacities of ~650 mA-h/g at a current rate of
~700 mA/g over 150 cycles, when tested in half-cell configuration
(i.e. with a structure containing a conductive electrode and a sur-
rounding conductive electrolyte separated by a Helmholtz double
layer). By balancing the cell composition and suppressing the initial
irreversible specific capacity of the anode (~7500 mA-h/g), princi-
pally due to the decomposition of the electrolyte at the surface of the
electrode with the formation of a solid electrolyte interphase (SEI), it
was reported [310] that an optimal battery performance in terms of
specific capacity, i.e. 165 mA-h/g, estimated energy density of ~190
W-h/kg, operation over 80 charge-discharge cycles. Graphene as a
hybrid system with VO5 could be used as cathode to fabricate flex-
ible, thin-film Li-ion rechargeable batteries. Here, graphene could
act as the flexible current collector, replacing the traditionally used
Al, offering additional volumetric capacity, electrochemical stability
and mechanical flexibility. In addition, free-standing or substrate-
bound, electrochemically lithiated graphene can be used as anode.
For batteries, future activities should focus on graphene-coated la-
mellar Li* hosting oxide electrodes, graphene nanocomposites with
Li* intercalated between graphene sheets for improved morphology
preservation at the nanoscale during battery charge-discharge and
graphene-Si composite electrodes with additives for more stable
surface electrode interphase. The long-term aim would be to devel-
op novel Li-0, battery concepts (Li-0, is a metal-air battery which
uses the oxidation of lithium at the anode and reduction of oxygen at
the cathode to induce a current flow [311]), able to supply high en-
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ergy density (~3500 Wh/kg) due to the high specific energy density
of lithium with respect to air (3840 mA-h/g) [311, 312], an order of
magnitude more than a conventional Li battery [312]. Graphene may
also be used in other energy-storage systems as current collector. In
this case, free-standing or substrate-bound films with high accessi-
ble surface-area-to-volume ratio could replace traditional activated
carbon materials (i.e. processed to have small, low-volume pores
which increase the surface area available for adsorption or chemical
reactions) in the cathode and as current collectors in transparent
devices. Adsorption of Li, as well as Na, K and Ca, on MXene com-
pound (e.g. Ti3C;) was studied by first-principles DFT calculations
[313], and it was calculated that these alkali atoms exhibit different
adsorption energies depending on the coverage. The adsorption en-
ergies of Na, Kand Ca decrease as coverage increases, while Li shows
little sensitivity to variance in coverage [313]. It was also associated
with the observed relationship between adsorption energies and
coverage of alkali ions on Ti3C, to their effective ionic radii. A larger
effective ionic radius increases interaction between alkali atoms,
thus obtaining a lower coverage [313]. The calculated capacities for
Li, Na, K and Ca on Ti3C, are 447.8, 351.8, 191.8 and 319.8 mA-h/g,
respectively [313]. Another MXene material, i.e. Ti,AlC, has shown
experimentally, by cyclic voltammetry, lithiation/delithiation peaks
at 1.6 Vand 2 V versus Li* /Li [314]. At 1C rate, the specific capacity
was 110 mA-h/g after 80 cycles. Compared to materials currently
used in Li- and Na-ion battery anodes, MXene shows promise in in-
creasing overall battery performance [313].

4.2.2 SCs

The SCs or ultra-capacitors are passive and static electrical energy-
storage devices for short load cycle applications. SCs with very high
power density, fast charge-discharge ability without degradation
and burst release characteristics make them ideal candidates
for applications in mobile electronic gadgets and hybrid electric
automobiles.

Energy stored in SCs is through the ion adsorption at the
electrode interface, which makes electrical double layer (EDL
capacitors, EDLC), or due to the electron transfer between the

185



186

Potential Applications

electrolyte and the electrode through fast Faradic redox reactions
(pseudocapacitors).

Table 4.2 Graphene-based SC materials and properties

Specific Energy
Graphene capacitance density/
nanocomposites (F/g) power density  Electrolyte
Graphene-hydrous RuO, 570 20.1 W-h/kgat 1M H,S0O,

100 mA/g

Graphene-PANi 1046 — 6 M KOH
Graphene-MnO, 216 — 1 M Na,SO0,
Polymer-modified 120 — —
graphene
sheet + MWCNT
MnO; nanowire- 31 30.4 W-h/kg Neutral aq.
graphene Na,S0,

Source: Reprinted from Ref. [4], Copyright 2011, with permission from Elsevier.

Various graphene-based SC materials are summarised in Table
4.2. A new class of material, e.g. graphene and RGO, has also been
predicted as a potential candidate for SC electrodes due to very
high specific surface area (2675 m?/g), chemical stability, excellent
electrical, thermal conductivity and capacitance and low cost. In the
case of Ru0,/graphene nanocomposite, graphene sheets were well
separated by RuO, NPs, which were attached through the oxygen-
containing functional groups on graphene surfaces. The composite
exhibited a high specific capacitance of 570 F/g for 38.3% Ru loading
with excellent electrochemical stability (97.9% retention after
1000 cycles) and high energy density (20.1 W-h/kg) at high power
density (10 kW /kg). Similarly, Mn0O,/GO composite electrode had a
capacitance of 216 F/g, which is much higher than that of individual
GO (10.9 F/g) and bulk MnO, (6.8 F/g) [4].

The mesoporous structures of the curved graphene sheet are
responsible to prevent face to face restacking and maintain large
pore size (2-25 nm) and capacitance (Fig. 4.20a). Graphene-PANi
composite paper was also prepared by in situ anodic electro-
polymerisation of PANi film on graphene paper (Fig. 4.20b).
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The flexible as-prepared composite paper combined the high
conductivity and flexibility properties of graphene sheet with large
capacitance polymer and showed the gravimetric capacitance of 233
F/g[4,8,9].

@ (b)

Y. T

Figure 4.20 (a) SEM image of curved graphene sheets (scale bar 10 pum).
Reprinted with permission from Ref. [9], Copyright 2009, American Chemical
Society. (b) Digital camera images of (left) two free-standing G-papers (30 mm,
10 mm) and (right) a flexible G-paper. Reprinted by permission from Ref. [10],
Copyright 2011, John Wiley and Sons.

Several SC materials have been studied to enhance specific ca-
pacitance and power density. Among them, carbon-based materials
such as activated carbons, carbon fibres and CNTs have been exten-
sively investigated as an electrode material for EDL SCs owing to
their good electrical conductivity, chemical and mechanical stability,
long life cycle and highly modifiable nanostructures [315a-318a].
Whereas materials such as RuO, and MnO, and polymers are prom-
ising for pseudocapacitors. SCs store charge electrostatically by the
adsorption of ions onto electrodes which have high accessible spe-
cific surface area. Therefore, a high specific capacitance active elec-
trode plays a vital role in efficient energy storage. Various forms of
porous carbon, for instance CNT [319a-322a], mesoporous carbon
[323a] and carbide-derived carbon [324a], have been studied for
electrodes in this respect. Graphene sheets and RGO, a new class of
material, have also been predicted as a potential candidate for SC
electrodes due to very high specific surface area (2675 m?/g), chem-
ical stability, excellent electrical, thermal conductivity and capaci-
tance and low cost [325a-328a]. Interestingly, graphene has dem-
onstrated an intrinsic capacitance near 21 IF/cm?, which set a new
upper limit for capacitance [329a]. Ruoff et al. [326a] pioneered the
application of chemically reduced graphene in SCs. They have shown
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CRG’s potential as an electrode for SC, even though the used surface
area was 707 m?/g and graphene sheets were not fully accessible by
the electrolyte. The SCs had specific capacitances of 135 F/g and 99
F/gin aqueous KOH and organic electrolytes, respectively. Improved
capacitance (191 F/g, in KOH) was obtained after using microwave
power to expand GO layers and reduce the GO to RGO (surface area
463 m?/g) [442]. Wang et al. [327a] have achieved a specific capaci-
tance value of 205 F/g for hydrazine-reduced GO of effective surface
area 320 m?/g. It is worth noting that the surface area of graphene
sheets plays a significant role, which directly affects the performance
of the SCs.

A main drawback of using graphene and RGO is the agglomera-
tion and restacking due to van der Waals attraction between the
neighbouring sheets. The aggregation reduces the effective surface
area, resulting in loss of capacitance. Therefore, a few researchers
have made effort to keep graphene sheets separated by the addition
of metal oxide NPs [330a]. The approach utilising NPs to improve
the electrochemical performance is an indication of a positive syn-
ergistic effect of graphene sheets and NPs. For example, in RuO,/
graphene composite, graphene sheets were well separated by Ru0O,
NPs attached through the oxygen-containing functional groups on
graphene surfaces. The composite exhibited a high specific capaci-
tance of 570 F/g for 38.3% Ru loading with excellent electrochemi-
cal stability (97.9% retention after 1000 cycles) and high energy
density (20.1 W-h/kg) at high power density (10 kW /kg). Similarly,
MnO,/GO composite electrode had a capacitance of 216 F/g, which
is much higher than that of individual GO (10.9 F/g) and bulk MnO,
(6.8 F/g) [331]. Wu et al. [332a] demonstrated an MnO,/graphene
high-voltage asymmetric capacitor based on graphene as a negative
electrode and MnO,/graphene composite as a positive electrode,
which exhibited a superior energy density of 30 kW/kg and power
density (5 kW/kg at 7 W-h/kg). The metal oxide-graphene nano-
composites have shown a great prominence for the SCs and high en-
ergy density capacitor. A study by Jang et al. [333a] reveals the gra-
phene-based SC which exhibits specific energy density of 85.6 W-h/
kg at room temperature and 136 W-h/kg at 80°C at very high current
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density of 1 A/g. These values are comparable to Ni metal hydride
(40-100 W-h/kg). They have reported that the mesoporous struc-
ture of the curved graphene sheet is responsible. The curved nature
of graphene sheets prevents face-to-face restacking and maintains
large pore size (2-25 nm) and capacitance. Further, quick charge-
discharge ability in seconds and minimal loss of capacity or energy
density make it a prominent candidate better than existing batteries.
Graphene-polymer composites have also received much attention
owing to their flexibility and superior capacitance than the existing
carbon-polymer-based capacitor. Among various conductive poly-
mers, PANi has been considered a most promising conductive elec-
trode material and studied considerably with CNT and carbon sys-
tem [334a-339a]. A graphene nanosheet-PANi composite was syn-
thesised by in situ polymerisation [334a]. The specific capacitance
of 1046 F/g was obtained at a scan rate of 1 mV/s. Conductive gra-
phene nanosheets provide more active sites for nucleation of PANi
and are homogeneously coated by PANi NPs on both sides, resulting
in an energy density of 39 kW-h/g at a power density of 70 kW/
kg. Graphene-PANi composite paper was also prepared by in situ
anodic electropolymerisation of polyaniline film on graphene paper
[340a]. The flexible as-prepared composite paper combined the high
conductivity and flexibility properties of graphene sheet with large
capacitance polymer and showed the gravimetric capacitance of 233
F/g.

GRMs can significantly change electrode and electrolyte
properties and, consequently, their performance for energy storage
and conversion. There are several potential advantages associated
with the development of SCs based on these NMs. First, the use of
thin layers of conductive TMDs, TMOs and graphene will reduce
the electrode thickness and increase the surface area of the active
units. Exfoliated TMOs (or hybrid graphene-TMOs) are ultra-thin
(capacitance and thickness of electrodes are inversely proportional),
conductive and with high dielectric constants. Results have shown the
possibility to develop graphene-based SCs with high performance,
superior to existing SCs based on activated carbon. The EDLC energy
density is determined by the square of the operating voltage and

189



190

Potential Applications

the specific capacitance (capacitance per unit mass F/g or volume
F/cm3) of the electrode/electrolyte system [315b]. The specific
capacitance, in turn, is related to the electrode’s SSA accessible by
the electrolyte, its interfacial capacitance (F/cm?) and, in the case
of specific capacitance, the electrode material density [316b, 317b].
Graphene-based SCs have been developed with energy density
comparable with that of Ni metal hydride batteries [318b].

In particular, exploiting microwave-expanded graphite oxide
(MEGrO) activated by KOH, i.e. activated MEGrO (a-MEGrO) [319b],
an interfacial capacitance of 22 pF /cm? was achieved [320b]. Aerosol
spray drying of GO with a hierarchical pore 3D structure yielded a
specific capacitance of ~103 F/cm?3 in a IL electrolyte [321b]. Higher
specific capacitance values were obtained exploiting a-MEGrO made
by vacuum filtering (177 F/cm? in IL electrolyte) [322b]. Capillary
compression of RGO gave ~206 F/cm?3 in IL [323b]. Intercalation of
cations (e.g. Na*, K*, NH**, Mg?* and Al**) from aqueous salt solutions
between Ti;C, MXene was reported [324b]. A capacitance in excess
of 300 F/cm3, a value much higher than that achieved by porous
carbons, was demonstrated [324b]. For SCs, future investigations
should also include activated GO, its surface being covered (or
decorated) with chemicals, e.g. potassium hydroxide, with controlled
GO sheet curvature, controlled mesoporous electrodes combining
GO sheets with CNTs, graphene-like structures with controlled
and highly uniform pore sizes (TiC chlorination-derived process).
Upstream support activities need to focus on systematic exploration
on how layer spacing affects capacitance. NMR characterisation will
also help identifying charging mechanisms and the role of different
functional groups. These development should lead to more robust
SCs able to operate in more demanding conditions (=30 to 100°C).
The development and implementation of a new generation of SCs
based on GRMs should target (i) power electronics systems to
improve operation efficiency, in particular electrical power delivery
and propulsion systems (minimisation of energy losses, power
quality improvement, DC power transmission, etc.); (ii) power
electronics systems for efficient renewable energy sources and
integration in power grid; (iii) power grid equipment to provide
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efficient operation in power production system and “smart grid”; (iv)
electric vehicles, in particular electric buses and commerecial electric
vehicles employing energy-efficient electric and hybrid vehicle
propulsion systems; (v) remote, GSM-based systems to monitor and
control power electronics controlled drives, etc.; remote control and
monitoring systems of distributed industrial objects based on wide
area networks (Internet/Extranet) and wireless communication
(GSM).

4.2.3 Fuel Cells and Hydrogen Storage

A fuel cell is a device which converts the chemical energy from a fuel
into electricity through a reaction with oxygen or another oxidising
agent [325b]. Fuel cells are different from batteries and SCs in that
they require a constant source of fuel and oxygen to run, but they can
produce electricity for as long as these inputs are supplied. There
are many types of fuel cells, such as proton exchange membrane
(PEMFCs) [326b, 327b], solid oxide fuel cells [328b], molten
carbonate [329b], phosphoric acid [330b], etc., but they all consist of
an anode (negative side), a cathode (positive side) and an electrolyte
which allows charges to move between the two sides of the fuel
cell. Electrons are drawn from the anode to the cathode though an
external circuit, resulting in a current. The target is to develop novel
inexpensive fuel cell catalyst exploiting GRMs [331b, 332b].

It is also reported [331b] that graphene performs better than a
commercial Pt catalyst in terms of ORR. GRMs are also promising
materials as electro-catalyst, e.g. in PEMFCs, for the electro-
oxidation of fuel [333b] at the anode. It is [334b] demonstrated that
graphene-supported Pt and Pt-Ru NPs have enhanced efficiency
for both methanol and ethanol electro-oxidations with respect
to Vulcan XC-72R carbon black, which is the widely used catalyst
[335b]. It is demonstrated [336b] that RGO modifies the properties
of Pt cluster electro-catalysts supported on it. Pt/graphene hybrid
electro-catalysts were reported with a higher activity for methanol
oxidation compared to Pt/carbon black [336b]. The edges of LMs,
such as MoS2 and WS2, were shown to be active catalytic sites
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[337b], thus promising for the hydrogen evolution reaction (HER) in
hydrogen fuelled fuel cells [338b].

Fuel cells are considered one of the most promising power
sources for mobile and stationary applications due to their high en-
ergy conversion efficiency, low operating temperature and ease of
handling. Pt and Pt-based materials are widely used for fuel cells,
which render them ineffective and prevent fuel oxidation. Recently,
graphene/Pt-based hybrid materials have been explored for fuel
cell applications, e.g. methanol oxidation, RGO/Pt-based fuel cell
showed a maximum power of 161 mW/cm? compared to 96 mW/
cm? for an unsupported Pt-based fuel cell [4]. Hydrogen is currently
considered one of the most promising fuels for cells, since its spe-
cific energy exceeds that of petroleum by a factor of three [339b]
and the product of its combustion is water vapour. However, hydro-
gen is not an energy source but a secondary energy carrier. It means
that hydrogen must be produced, and the amount of energy needed
in the production process is subsequently released during its use in
fuel cells. Consequently, the advantage of hydrogen for energy must
be carefully considered with respect to other carriers, such as elec-
tricity. In light of this, the issue of finding ways and materials for
efficient hydrogen storage assumes a primary importance. During
the past decades, several means for hydrogen storage were consid-
ered [340b, 341]. The efficiency of storage is usually evaluated by
the gravimetric density (GD), i.e. the weight percentage of hydrogen
stored relative to the total weight of the system (hydrogen + con-
tainer), and the volumetric density (VD), i.e. the stored hydrogen
mass per unit volume of the system [342-344]. The US Department
of Energy (DoE) targets locate “good” storage systems at a level of
5.5% GD and 0.04 kg/m?3 VD, which would correspond to an usable
energy per mass of 1.8 kW-h/kg [345]. Sodium alanate (NaAlH,)
is also extensively studied as one of the most promising solid state
hydrogen-storage materials [346, 347]. Other classes of compounds
are hydrocarbons and Nb hydrides [348-350]. These satisfy the GD
and VD requirements and require chemical reactions to control hy-
drogen charge-discharge. Graphene offers several potential advan-
tages when considered as a medium for hydrogen storage. It is stable
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and robust, and therefore can be transported for long distances. At
the same time, it is mechanically flexible, enabling new charging-
discharging strategies at RT which exploit the dependence of hy-
drogen-carbon binding on local curvature [351]. It was theoreti-
cally suggested that CNTs behave similar to curved graphene [351]:
curvature favours physisorption (a process in which the electronic
structure of atoms or molecules is barely perturbed upon adsorp-
tion) (into concavities) [352] and chemisorption (a process where
the electronic structure of bonding atoms or molecules is changed
and covalent or ionic bonds are formed) (on convexities) [353, 354].
In particular, it was shown that for small-diameter (0.5-0.6 nm)
CNTs, the chemisorption barrier can become negligible [353, 354],
favouring the spontaneous molecular hydrogen chemisorption. This
should also happen on small-diameter fullerenes. There is also some
theoretical work on the physisorption in the interstitial volumes of
nanotubes bundles [355], where hydrogen, in metal-intercalated
nanotube bundles, is substantially enhanced compared with ad-
sorption onto pure CNTs [355]. What, however, is new and unique
to graphene is the possibility of manipulating the local curvature,
consequently controlling the hydrogen uptake. This is not possible
with CNTs or fullerenes. In perspective, assuming that methods for
the production of bulk graphene samples will improve with time,
graphene’s flexibility and unique electronic properties could enable
new approaches for hydrogen storage, such as the integration of hy-
drogen-storage modules into flexible and light, all-graphene-based
devices. It is also possible that integration of graphene into the
aforementioned hydrogen-storage materials might offer additional
routes for the realisation of optimised hybrid tanks. Hydrogen can
be adsorbed on graphene in two different ways: either by physisorp-
tion, i.e. interacting by van der Waal forces, or by chemisorption, i.e.
by forming a chemical bond with the C atoms. Physisorption usually
happens with hydrogen in molecular form [356]. It was shown that
in the most favourable conditions (high pressure and low tempera-
ture), H, can form a uniform compact monolayer on the graphene
sheet, corresponding to GD = 3.3% [357] (doubled if two sides
are considered). The VD depends on the possibility of compacting
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graphene sheets in multilayer, 3D assemblies or nanostructures of
graphene. In multilayers, calculations based on hybrid post-Har-
tree-Fock/empirical potentials and including quantum treatment
for hydrogen [356] indicate that both GD and VD depend on the in-
terlayer separation, with highest values for an interlayer separation
of 6-8 A [356]. Monte Carlo simulation of an artificial 3D structure
composed of graphene layers placed at an interlayer distance of 12
A and stabilised by CNTs inserted perpendicularly to the graphene
planes [358] showed GD up to 8% at low temperature and high pres-
sure, decreasing by an order of magnitude at room conditions, but
raising up to 6% at room temperature and ambient pressure after
doping the pillared structure with Li cations [358]. Experimentally,
it was shown that such a layered structure can be realised by using
GO and the interaction between hydroxyl groups and boronic acids
[359] (i.e. an aryl- or alkyl-substituted boric acid containing a car-
bon-boron bond) with a predicted GD of ~6% at 77 K at a pressure
of 1 bar. The enhancement of van der Waals interaction [360] can
be similarly postulated in any hollow graphene nanostructure. For
example, an empirical estimate of the maximal VD versus GD rela-
tion of hydrogen physisorbed in CNTs can be obtained assuming a
level of compression similar to that of liquid H, and a full occupation
of the cavity. Experimentally, however, the best reproducible results
yield GD of ~1% at a pressure of 120 bar at room temperature [361].
Molecular hydrogen adsorption in graphene-like flakes obtained by
chemically reducing exfoliated GO has been studied [362], leading
to a molecular hydrogen adsorption of 1.2% at 77 K and a pressure
of 10 bar and 0.68% and ambient pressure [362]. A GD of ~2.7% at
25 bar and room temperature was reported in GO after ultrasonic
exfoliation in liquid [363]. Chemisorption processes may reach a GD
of 8.3%), i.e. even larger than the “ultimate” goal of DOE. This corre-
sponds to the formation of a completely saturated graphene sheet,
with 1:1 C versus H stoichiometry, i.e. “graphane”, whose stability
was first hypothesised in a DFT-based theoretical study [364] and
subsequently studied in experiments [365]. It has been shown one-
side hydrogenation and its reversibility by thermal annealing [365].
The chemisorption of atomic hydrogen is a favourable process: ac-
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cepted values for H binding energy and chemisorption barriers are
~0.7 and ~0.3 eV [366-371].

STM experiments have focused on atomic-scale imaging of
adsorption and clustering of hydrogen atoms on graphite [372-
375]. Atomic hydrogen absorption on graphene grown on SiC was
also investigated by STM [376, 377], showing formation of dimer
structures, preferential adsorption of protruding graphene areas
and clustering at large hydrogen coverage [376, 377]. As in the case
of physisorption, VD depends on the possibility of building compact
structures with graphene (or graphane) sheets. Considering
interlayer spacing from two to four times that of graphite, itis possible
to obtain VD values from 0.03 to 0.08 kg H,/L, which fit and exceed
the DOE goals. However, chemisorption of molecular hydrogen on
graphene presents rather high barriers of ~1.5 eV [378], requiring
the dissociation of H, (dissociative adsorption). Analogously, the
desorption of hydrogen (associative desorption) has a barrier
of similar height. This makes H, storage on graphene stable but
poses problems in the release phase. These problems are common
with other storage media based on hydrocarbons or, in general, on
chemical adsorption. Based on these results, one could envisage
that if the curvature of the sheet is inverted and convexities are
transformed in concavities, hydrogen might spontaneously release
even at room temperature [351]. The large variation of H binding
energy makes chemisorption a favourable process on convex sites,
and hydrogen release a favourable process on graphene concave
sites, offering a new route towards hydrogen storage/release.

GRMs might also be exploited for the production of clean fuels,
such as H,, in a cost-effective renewable process. Photocatalytic
splitting of water into H, and O, using semiconductor-based
heterogeneous systems could be a viable method for H, production
[379, 380]. A major limitation is the lack of stable semiconductor
photocatalysts which can carry out the water splitting in the
visible region of the solar spectrum. Stable, efficient and visible-
light-driven photocatalysts might be achieved by using chemically
derived graphene as a support for chalcogenide nanocatalysts.
Graphene will serve several purposes. Its layered structure might
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not only suppress the semiconductor particle growth but also act as
an electron collector and transporter to lengthen the lifetime of the
photogenerated charge carriers (see Fig. 4.21).

Figure4.21 Corrugated graphene sheet by lateral compression and illustration
of controlled hydrogen adsorption and release by curvature inversion. Reprinted
with permission from Ref. [351], Copyright 2011, American Chemical Society.

4.2.4 Solar Cells

RGO transparent electrodes can be used for solar cell electrode.
Several studies suggest that GO/RGO can also be used as hole-
transport layer (HTL) as well as part of active material. In vertical
bulk heterojunction (BHJ]) devices, both the donor and acceptor
phases are in the direct electrical contact with the cathode and anode
electrodes. Most vertical organic solar cells are composed of ITO/
P3HT:PCBM/AI configuration. The polymeric donor and acceptor
materials often result in the recombination of carriers and current
leakage. To minimise such detrimental effects, electron blocking and
HTLs are deposited on top of the transparent and conducting ITO
anode (Fig. 4.22) [162a, 162b].
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P3HT/PCBM

Graphene oxide

DOT:PSS
§ ITO

Figure 4.22 (a) Schematic of the photovoltaic device structure consisting of
the following: ITO/GO/P3HT:PCBM/AI. (b) Energy-level diagrams of the bottom
electrode ITO, interlayer materials (PEDOT:PSS, GO), P3HT (donor), and PCBM
(acceptor), and the top electrode Al. Reproduced from Ref. [162b] under the
Creative Commons Attribution License. (c) The schematic chemical structure of
SPF graphene and P3HT. (d) Schematic structure of the devices with the P3HT/
SPF graphene thin film as the active layer; ITO/PEDOT:PSS (40 nm)/P3HT:SPF
Graphene (100 nm)/LiF (1 nm)/Al (70 nm). Reprinted by permission from Ref.
[163b], Copyright 2009, John Wiley and Sons.

The most common HTL in polymer solar cells is PEDOT:PSS.
However, the PEDOT:PSS combination has been made from highly
acidic aqueous suspensions which corrodes the ITO at high
temperatures and contributes water/moisture into the active layer,
which leads to poor device performance [162a, 162b]. To overcome
this issue, ITO/GO/P3HT:PCBM/AIl configuration was introduced
for more efficient collection of holes and the band energies of
the configuration are 4.4-4.5/4.9/4.9:4.2/4.2 eV, respectively.
Interestingly, the power efficiency values are dependent on GO
film thinness. GO thickness of 2 nm has shown best efficiency
performance compared to higher thickness (>4 nm) due to the
increase in serial resistance and the slightly lower transmittance of
the films with thickness. Other studies have shown the use of RGO as
acceptor materials in the BH] photovoltaic devices. For instance, Liu
et al. [163a, 163Db] reported the organic solution-processable RGO
as an acceptor material in organic photovoltaic devices with P3HT
as an electron-donor material. Figure 4.22b shows a schematic
diagram of a solar cell using RGO as an active material. The RGO was
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well dispersed in P3HT with 10 wt% doping. The properties of the
materials induce quenching of the photoluminescence of the P3HT
and lead to strong electron/energy transfer from the P3HT to the
RGO. A power-conversion efficiency of 1.1% was achieved by using
RGO as an active material.

The direct exploitation of solar radiation to generate electricity
in PV devices is at the centre of an ongoing research effort. Si is by far
the most widely used absorber [381] and currently dominates the
PV market [381], with energy conversion efficiency (1) up to ~25%
[382]. Efficiency np is defined as 1 = P54/ Pin» Where P;,. is the incident
power and P,,,, = VOC x ISC x FF, where VOC is the maximum open-
circuit voltage, ISC is the maximum short-circuit current and FF is
the fill factor, defined as FF = (Vax % Imax)/(VOC x 1SC), with I, and
Vmax the maximum current and voltage [383]. Despite significant
development [384], the cost [382, 384] of crystalline Si-based solar
cells, often referred to as first-generation solar cells [381], is still
a bottleneck for the implementation of solar electricity on a large
scale. The development of new materials and concepts for the PV
devices is thus fundamental to increase efficiency, especially for
mobile applications with limited surface area. Thin-film solar cells
such as a-Si [385], cadmium telluride (CdTe) [386], copper indium
gallium diselenide (CIGS) [387] and thin-film crystalline Si are
known as second-generation PVs, because they are based on thin-
film technology. The development of thin-film solar cells is driven by
the potential costs reduction [388]. An even cheaper and versatile
approachrelies on the exploitation of emerging organic PV cells [389]
and DSSCs [390]. They can also be manufactured by a R2R process
[391], even though they have lower 7. An organic photovoltaic cell
relies on polymers for light absorption and charge transport [389].
It consists of a TC, a photoactive layer and the electrode [389]. DSSCs
use an electrolyte (liquid or solid) as a charge-transport medium
[390].

This solar cell consists of a high-porosity nanocrystalline
photoanode, comprising TiO, and dye molecules, both deposited
on a TC [390]. When illuminated, the dye captures the incident
photon, generating e-h pairs. The electrons are injected into
the TiO, conduction band and then transported to the CE [390].
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Dye molecules are regenerated by capturing electrons from the
electrolyte. Another class of solar cells, called meso-super-structured
solar cells (MSSCs), was proposed by Kjima et al. [392]. These are
based on organic halide perovskite LMs (e.g. CH;3NH3PbX; where X is
Cl, Br, I or their combination) as photosensitiser [392-395] and an
organic hole-transport material [393]. An efficiency of 20.1% was
recently reported [396], which is a very promising value considering
that the device structure can still be further optimised. However,
these LMs may not satisfy sustainability requirements because of
their lead content. Graphene, thanks to its mechanical, electronic
and optical properties, can fulfil multiple functions in PV devices:
as TC window, antireflective layer, photoactive material, channel for
charge transport and catalyst [293].

GTCFs can be used as window electrodes in inorganic [397],
organic [398, 399] and DSSCs [400]. The best performance
has been achieved to date in graphene/n-Si Schottky junction
solar cells with n = 8.6% [401]. The GTCFs were doped with
bis(trifluoromethanesulfonyl)-amide[((CF3S02)2NH)] polymer
[401]. Higher n~10.34% [402] was achieved in an organic/Si cell
exploiting GTCF doped with HNO3, with potential for having work
function tuning capability,important to control the contactresistance
[403]. Charge transport and collection have also a fundamental role
in organic PV (OPVs). In a poly-3-hexyl thiophene (P3HT)/phenyl-
C61-butyric acid methyl ester (PCBM) solar cell, both donor (P3HT)
and acceptor (PCBM) materials are in direct electrical contact with
the cathode (back electrode) and anode (ITO) electrodes, leading to
carriers recombination [404]. This negative effect can be reduced
using electron blocking and HTLs, usually deposited on top of ITO
[404, 405]. GO dispersions were also used in bulk heterojunction
PV, as electron-acceptors [406, 407] with n ~3.5% [404]. Higher 7
with respect to GO was achieved with the use of RGO as HTL [408],
demonstrated n = 3.98%, superior to PEDOT:PSS (n = 3.85%).
Hybrid structures (e.g. GO/SWNTs) were also investigated as HTL
[409]. The addition of a small amount of SWNTs in the GO layer
significantly improved the devices’ FF [409]. Indeed OPVs fabricated
with GO/SWCNTs as HTL have shown higher performance (n =
4.10%) compared to devices using PEDOT:PSS (1 = 3.28%). GQDs
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can also be efficient HTLs for OPVs, with n = 6.82% [410], showing
longer lifetime and more reproducible PV performances with
respect to PEDOT:PSS-based cells [410]. It is reported that the short-
circuit current of P3HT:PCBM solar cells is enhanced by ~10% by
the addition of graphene produced by LPE, with a 15% increase in
the photon to electric conversion efficiency [411]. The addition of
graphene flakes to the P3HT:PCBM blend also improves the balance
between electron and hole mobilities with respect to a standard
P3HT:PCBM solar cell [411]. GRMs have also been proposed as
photosensitisers [412] to absorb the incident light and convert
it into an electrical current [381]. For OPVs, the key requirements
of a photosensitiser are: (i) ability to absorb light over a wide
energy range [412]; (ii) high carriers mobility [412]; (iii) thermal
and photochemical stability [389]; (iv) efficient charge separation
between donor/acceptor materials [389]. Simulations based on
equivalent electrical circuits for OPVs indicate that n~12% should
be possible with graphene as photosensitiser [413]. RMs might be
implemented in different types of solar cells. This may facilitate their
use in a variety of applications, ranging from mobile devices, printed
electronics, building technologies, etc. Apart from the improvement
in energy-storage devices, with reduced size and weight and with
longer and more stable performance, the development of more
efficient energy-harvesting methods could lead to energetically
autonomous devices. Graphene maintains its properties even under
extreme bending and stretching. This is ideal for its integration in
polymeric, rigid and flexible substrates, for integration in smart
windows and other building components. This increases fabrication
flexibility in addition to having economic advantages. The efficient
electric field concentration of MNPs can increase the light-harvesting
capacity of graphene by more than an order of magnitude [414].

A multilayer structure solar cell (see Fig. 4.23) can be envisaged
with graphene and QDs to achieve total light absorption, thus higher
efficiency. Another option is a multilayer structure heterojunction
based on QDs (MoS,, WS,, CdS, PbS, ZnS, etc.) alternating with
graphene conductive layers, or coupling a standard DSSC with a
graphene/MoS, (or WS,) tandem solar cell. The aim is to overcome
the n of state-of-the-art solar cells extending it beyond the Shockley-
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/— Quantum dot

Figure 4.23 Multilayer solar cell composed of alternating stacked SLG and
quantum dots. Reproduced from Ref. [21] under Creative Commons Attribution
License.

Queisser limit (i.e. the maximum theoretical efficiency of a p-n
junction solar cell) by using multiple sub-cells in a tandem device.
Ideally, the sub-cells would be connected optically and electrically
and stacked in band gap decreasing order. This configuration
shifts the absorption onset of the complete device towards longer
wavelengths. In addition, high-energy photons are converted more
efficiently since thermalisation losses of the generated e-h pairs
are reduced with the graded band gap structure. For example,
in a series-connected double-junction device, the ideal optical
band gaps are ~1.6-1.7 eV for the top cell and ~1.0-1.1 eV for the
bottom cell, which extends the efficiency limit to ~45% [21, 415].
Another possibility is to assemble hybrid graphene/nanodiamonds
[416, 417] motivated by the properties of both materials, and
possible interactions between sp? and sp? carbon [418]. The <111>
diamond surface could form an ideal interface for heteroepitaxial
graphene, with ~2% mismatch. The armchair diamond rings on
the <111> surface can be interfaced to the six-membered C rings of
graphene. There are several impacting interests in these interfaces.
Undoped nanodiamond could serve as gate insulator. A controllable
functionalisation of nanodiamond may be used to tune graphene’s
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u and work function other than the optical properties. This might
be achieved by coupling graphene to nanodiamond using organic
chemistry routes via linkers with functional properties. In these
solar cells, conductive B-doped nanodiamond would serve as anode,
while graphene would be the cathode. If donor-acceptor organic
dyes are used for such interfacing, the proposed full carbon structure
would have effective charge transfer from the highest occupied
molecular orbital (HOMO) of the organic dye to the diamond valence
band, and in a reversed process on the graphene/lowest unoccupied
molecular orbital (LUMO) side. Another approach relies on the use
of chemically synthesised GNRs and/or GQD sensitisers in solar
cells. GQDs have been synthesised with molar extinction coefficients
(~1 x 10°> M~'cm™ [419], one order of magnitude larger than
inorganic dyes (e.g. ruthenium complexes), 956 commonly used in
DSSCs) and absorption edge beyond 900 nm [419].

4.2.5 Transparent Conductive Electrodes

It has been demonstrated that a thin film (<30 nm) of RGO is semi-
transparent in visible and NIR region, while thick films are opaque.
The transmittance and conductivity of the GO/RGO film can be tuned
by tuning the thickness of the film and the degree of reduction [420].
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Figure 4.24 Optical and electrical characterisation of spin-coated GO films
on quartz. (A) Photograph of an unreduced (leftmost) and a series of high-
temperature-reduced GO films of increasing thickness. Black scale bar is 1 cm.
(B) Optical transmittance spectra of the films in (A) with the film thickness
indicated. Reprinted with permission from Ref. [420], Copyright 2008, American
Chemical Society.

Figure 4.24b shows how the transparency of RGO varies with
film thickness. The upper-most film is 9 nm thick GO, while the rest
of the films are RGO (annealed in 1100°C for 3 h) with thickness 6, 8,
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27 and 41 nm (from left to right). It can be seen that as the film gets
thicker, the transmittance gets reduced. While the conductivity of
the RGO thin film increases with the degree of reduction and trans-
mittance decrease. Therefore, the optimisation of film thickness
and reduction parameters is the key in achieving high-performance
transparent and conducting RGO thin film. Optical and mechanical
properties of RGO thin film were also studied on flexible substrates.
For example, Yin et al. [421] studied the bending effect on the prop-
erties of RGO for film thickness of 4-21 nm. After applying tensile
stress (tensile strain of 2.9%) on the device, the performance was
monitored by resistance change with the number of bending cycles.
The device showed an excellence stability of resistance, even when
bending cycles reached about 1000 times. Due to their transparency,
conducting and flexible nature, RGO thin film is considered to be a
promising electrode material for organic electronic and optoelec-
tronic applications. Presently, indium-doped tin oxide is widely used
as transparent and conducting electrodes in optoelectronic applica-
tion. However, the ITO-based materials are expensive [422] and their
limitation of mechanical flexibilities [423] makes them unattractive
for flexible display and solar cell applications. In this respect, RGO
electrodes provide several advantages: (i) possibilities of one-phase
reaction without additional surfactant due to water-soluble proper-
ties; (ii) the homogeneity and composition of the films are simply
determined by the composition of the parent suspension and sur-
face modification of the substrate; (iii) relatively inexpensive start-
ing materials and (iv) low-temperature and high-throughput pro-
cessing. In addition, the work function of RGO (4.2-4.6 eV) matches
with the HOMO level of most of the organic materials, and p-p inter-
action exists between RGO and organic material [421, 424].

Several research groups successfully used RGO electrode for the
fabrication of organic light-emitting diodes (OLED) and solar cells.
Efficient RGO-based OLEDs have been first demonstrated by Wu et
al. [277]. The RGO-based OLED performance nearly matches with
that of ITO-based devices, despite higher resistance (800X/square)
and different work function of the RGO anodes. Wang et al. [425]
reported that RGO films can be employed for fabrication of dye-
sensitised solar cells. In this application, Spiro-OMeTAD was used
as a hole-transport material, and porous TiO, was used for electron
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transport materials. The solar cell was fabricated using RGO as an
anode and Au as cathode (Fig. 4.25A).
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Figure 4.25 (A) lllustration of dye-sensitised solar cell using graphene
film as electrode. The four layers from bottom to top are Au, dye-sensitised
heterojunction, compact TiO, and graphene film. (B) The energy-level diagram
of graphene/TiO,/dye/spiroOMeTAD/Au device. (C) |-V curve of graphene-
based cell (black) and the FTO-based cell (red), illuminated under AM solar light
(1 sun). Reprinted with permission from Ref. [425], Copyright 2008, American
Chemical Society.

Figure 4.25 shows the energy-level diagram of an RGO (4.42
eV)/TiO,/dye/spiro-OMeTAD/Au (5.0 eV) device. The electrons
are first injected from the excited state of the dye into the LUMO
level of TiO, and then reached the RGO electrode via a percolation
mechanism inside the porous TiO, structure. Meanwhile, the photo-
oxidised dyes are regenerated by the spiro-OMeTAD hole conducting
molecules (HOMO) and then hole injected into Au cathode. Figure
4.25C shows the [-V curve of the solar cell using RGO (black curve) as
anode and the comparison with fluorine tin oxide (FTO) (red curve)
electrode. Lower short-circuit current in RGO electrode leads to low
power-conversion efficiency (0.26%) compared to FTO (0.84%).
This may be due to the series of resistance of the device, lower
transmittance of the materials (70.7%) and space charge limited
conduction on contact between active materials and RGO electrodes.
To overcome the contact problem, Yin et al. [424] suggested the use
of hole-transport interlayer (ZnO nanorod) between RGO electrodes
and active polymeric materials by electrochemical deposition. The
structures of the device were RGO/ZnO/P3HT/PEDOT:PSS/Au.
The observed higher power-conversion efficiency of 0.31% was
demonstrated, compared to ZnO-free interlayer. As can be seen, the
solar cell fabricated with RGO electrode suffers from low efficiency
and more work is needed to make RGO an efficient electrode
material.
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4.2.6 Clean Energy Devices

Graphene is a promising electrode material due to its high theo-
retical surface area and electron transferability along its 2D surface.
Graphene-based electrodes are used as rechargeable lithium-ion
batteries and electrochemical double-layer capacitors. Graphene
nanocomposites can form conducting 3D network due to uniform
dispersion of silicon particles and reconstitution of graphene plate-
lets, which are important aspects for the high storage capacities.
Chemically modified graphene sheets have potential to act as an
electrode material for ultra-capacitors. Lithium-doped graphane
was used for hydrogen adsorption and its storage applications [426-
428].

4.2.7 Memory and Photovoltaic Devices

Graphene-related NMs have also been used in memory devices,
transparent electrodes, electron acceptor and light adsorber due
to their good electronic properties, transparency and large specific
surface area [429]. Lots of studies on graphene-based photovoltaic
applications have been reported, in which graphene-based materials
are used as the transparent electrodes, electron acceptor and light
absorber. ZnO film is electrochemically deposited on the RGO
electrode and subsequently incorporated to a hybrid solar cell based
on a ZnO-P3HT system. The graphene-TiO, composite, a type of
effective electron acceptor, has been used as the photo anode in dye-
sensitised solar cell. A novel graphene/CdS-QD bilayer structure can
work as the electron transfer system in photovoltaic devices [10].

4.3 Electronics

Graphene has already demonstrated high potential in most ICT are-
as, ranging from top-end, high-performance applications in ultrafast
(>1 THz) information processing, to consumer applications using
transparent or flexible electronic structures. The great promise of
graphene is testified by the increasing number of chip-makers now
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active in graphene research. Most importantly, graphene is consid-
ered to be among the candidate materials for post-Si electronics by
ITRS [430]. To extend the application of graphene-based electronics
to the field of optoelectronics, it has been proposed to incorporate
with excited states of semiconducting NPs so that the optoelectronic
properties of the composite materials can be tuned over a wider
range of the spectrum. The photocurrent generation in graphene/
semiconducting NP quantum dot composite shows potential for
large-area optoelectronic devices. Several semiconducting NPs such
as CdS, CdSe, ZnO, Ti0,, TSCuPc and Co3;04 have been anchored on
graphene for hybrid solar cell and optoelectronic device applica-
tions. For example, RGO/CdSe NPs composite showed a dramatical-
ly enhanced photo response with fast time response under visible
light. Another study detected a picoseconds ultrafast electron trans-
fer from the excited CdS to graphene by time-resolved fluorescence
spectroscopy, suggesting that CdS/graphene can also be a potential
candidate for harvesting optoelectronic applications [4, 18, 63-80].

4.3.1 Field-Effect Transistors

Graphene is a suitable material for metallic transistor applications.
The graphene carriers are bipolar with electrons and holes, which
can be tuned by a gate electrical field due to unique band structure. A
graphene-QDs-based single-electron transistor was made by electron
beam lithography technique. GNRs prepared from “unzipped” CNTs
by plasma etching and chemical oxidisation methods are potential
production techniques for future graphene FET devices. Graphene
derivatives are better material, which can be used as SCs than
silicon-based ones because graphene derivatives possess band gap
and semiconductor properties [426, 427, 429, 431-435].

Myung et al. [436] reported the assembly of AuNPs fabricated
on top of a reduced GO junction. At the crossing point, the forward
bias from -10 to 10 V (or reverse bias from 10 to -10 V) sweep
curves showed a positive (or negative) slope indicating an n-type
(or p-type) FET behaviour (Fig. 4.26a).

It indicates that in the forward sweep, charges move along
in n-type channels (right of Fig. 4.26b). While in reverse sweep,
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charge transfer shows p-type characteristics left of Fig. 4.26a. These
properties suggested that the metal NPs-based graphene device
can be operated as a conventional conductive switching memory by
adjusting the charge density on the metal NPs. GNR FET devices with
both top and back gates were fabricated. The fabrication started by
back-gated GNR FETs. Then using 1 nm e-beam evaporated Al as
a seed layer, 30 nm ALD-Al,0; was deposited. The channel length
of the fabricated devices is 2 pum, and the length of the top-gate
electrode is about 1 pm, covering half of the channel. The SEM image
on Fig. 4.27 shows a typical FET.
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Figure 4.26 “Type-switching” memory devices and reconfigurable logic
circuits. (a) Typical hysteresis curve of a type-switching memory device based
on GO and NPs. It exhibited both n-type and p-type characteristics near zero
gate bias voltage. (b) Operation principle of type-switching memory device.
Reprinted by permission from Ref. [436], Copyright 2010, John Wiley and Sons.
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Figure 4.27 (a) SEM image and (b) schematics of the GNR FET. Half of the
channel is top-gated, while the whole device is back-gated. Device parameters:
L=2um, LG =1 um, W = 30 nm. Reproduced from Ref. [437] under Creative
Commons Attribution License.
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The G-FETs used in this study were fabricated on a 285-nm-
thick thermally grown SiO, layer on a heavily p-doped silicon
substrate (p<0.01 Q:cm). Single-layer graphene flakes were obained
by micromechanical exfoliation using natural graphite and clear
adhesive tape. The graphene flakes were searched by an optical
microscope after slowly peeling off the tape from the substrate. As
a result of this procedure, various types of graphene layers (or thick
graphite) were identified on the surface SiO,/Si substrate. Single-
layer graphene flakes were identified by analysing the shift in green
intensity under optical microscope observation and by Raman
spectroscopy. Ti (5 nm)/Au (30 nm) source and drain electrodes
were formed by electron beam lithography and lift-off method. The
degenerately doped silicon substrate was also used for the back gate.
The device was surrounded by a silicone rubber pool attached to the
substrate. Then the Ag/AgCl reference electrode was immersed into
the solution contained within a silicone rubber barrier. The Ag/AgCl
reference electrode was used as the top-gate electrode to minimise
environmental effects. The electrical characteristics of the G-FETs
were measured by a semiconductor parameter analyser using two-
terminal measurement. On the contrary, the stability of G-FETs is
superior to the CNT-FETs. Single-layer graphene was obtained by a
micromechanical cleavage method. Changes in the solution pH were
electrically detected with a lowest detection limit (signal/noise = 3)
of the 0.025. Their ID showed protein-concentration dependence,
and their ID changes with BSA concentration were fitted well by
the Langmuir adsorption isotherm. In addition, the G-FETs clearly
detected the different charge types of a biomolecule owing to its
isoelectric point. G-FETs are promising devices for highly sensitive
chemical and biological sensors [437].

The progress in digital logic relies in downscaling of CMOS
devices through the demand for low voltage, low power and high
performance. This size scaling has permitted the IC complexity to
double every 18 months [438, 439]. The decrease in gate lengths
corresponds to an increase in the number of transistors per
processor. Nowadays, processors containing 2 billion MOSFETs,
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many with gate lengths of 30 nm, are in mass production (Fig. 4.28)
[440].
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Figure 4.28 Evolution of MOSFET gate length integrated circuits (filled circles).
The ITRS targets a gate length of 7.4 nmin 2025 (open circles). With the decrease
in gate lengths, the number of transistors per processor increased (stars). New
materials, such as graphene, are needed to maintain these trends. Reprinted by
permission from Macmillan Publishers Ltd: Nature Nanotechnology, Ref. [440],
Copyright 2010.

However, CMOS scaling is approaching fundamental limits due
to various factors, such as increased power density, leakage currents
and production costs, with diminishing performance returns [438,
439]. For example, static (leakage) power dissipation in state-
of-the-art Si microprocessors has already exceeded the dynamic
(switching) power [441] and is expected to increase further with
the continuation of the aggressive scaling of CMOS technology.
The outstanding thermal properties [442] of graphene provide an
extra motivation for its integration with CMOS technology, as well
as beyond CMOS with the possibility to overcome state-of-the-art Si
and III-V semiconductor-based high-frequency FETs at the ultimate
scaling limits [443]. G-FETs with controlled threshold voltage and
both n-channel and p-channel need to be demonstrated for CMOS
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logic. New graphene device concepts, such as tunnel FETs (TFETSs)
and bilayer pseudospin FETs (BiSFET) [444], and different design
options are under evaluation stage. The BiSFET is based on the
electrical properties of two layers of graphene in close proximity
[444]. Electrons in one layer can pair with holes (both Fermions) in
the opposite layer, resulting in e-h pairs/excitons (Bosons), which
can then condense [444]. The condensation alters the quantum
wavefunctions in the bilayer structure, converting states which were
isolated in one of the two layers into states which are a coherent
linear combination of top- and bottom-layer components [445].
This qualitative change effectively shorts the two layers, reducing
the tunnel resistance from a large value to a value limited by
contacts only [444]. The reduction in tunnel resistance applies only
for small interlayer bias, however, because high current destroys
the condensate [445]. The BiSFET exploits the I-V nonlinearities
associated with this maximum tunnel current, allowing, in principle,
lower voltage, lower power operation than possible with CMOS FETs
[444]. Moreover, the integration with exiting CMOS technology is a
critical step in establishing a pathway for graphene electronics.

4.3.2 Graphene-Based Antennas

Along with the progressive shrinking in size of devices, engineers
have developed efficient communication means tailored to the
peculiarities of each type of device. The resulting networks have
expanded the applications of the individual nodes by providing them
a mechanism to cooperate. A good example of such applications is
the Internet. The main challenge to enable communications among
nanomachines and at the nanoscale is that reducing the size of a
classical metallic antenna down to a few hundred nm would impose
theuse ofextremelyhighresonantfrequencies[446].Graphene-based
nano-antennas (width: few nanometres; length: tens of micrometres)
could be a key technology to overcome this issue, since this material
supports the propagation of tightly confined SPPs [447, 448]. Due to
their high effective mode index [449], the SPP propagation speed can
be up to two orders of magnitude below the electromagnetic wave
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propagation speed in vacuum. The main consequence is to reduce
the resonant frequency of the antenna [450]. Research works [451,
452] point to THz bands at short ranges, thereby enabling graphene-
enabled wireless communications (GWC) [453]. The particularities
of wireless communications at the nanoscale, their applications and
those aspects specifically inherent to GWC, such as the THz band,
require that well-established communication protocols and network
architectures undergo a profound revision in order to be applied
to this scenario. One must develop a radically new medium access
control (MAC), which provides channel access control mechanisms
which make it possible for network nodes to communicate within
a multiple access network, routing and addressing protocols along
with network paradigms for GWC. GWC might enable a variety of
ICT applications. First, embedding nano-antennas into multi-core
processors, allowing them to scale up to thousands of cores and
overcoming the challenge of global wiring and the associated delay.
This multi-core architecture is known as wireless network-on-chip
(WNC) [454]. Second, GWC may allow networks of small sensors
which can measure nanoscale magnitudes with unprecedented
accuracy. Nanosensors might measure physical characteristics of
structures a few nm in size, chemical compounds in concentrations
as low as one part per billion or the presence of biological agents.
Such networks of sensors, known as wireless nanosensor network
(WNSN) [455], are, per se, a new networking paradigm. WNSN
requires the integration of several nanoelectronic components and
could be commercially feasible in 20 years from now. Third, GWC
may enable communications in any device, regardless of its size.
In this context, long-awaited applications such as true ubiquitous
computing or programmable matter [456], a material which
inherently has the ability to perform information processing, may be
possible with GWC. These applications may change the way in which
society understands and interacts with technology, and push the
boundaries of what technology can achieve. Moreover, the flexibility
of graphene, coupled with the high o [457] and transparency
[234], makes it a good candidate for printed antennas on top of
touchscreens on smartphones. Traditionally, these types of antennas
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are based on ITO [458]. Furthermore, the variable resistivity can also
lead to graphene’s use in antenna design applications, as a smart
material where its conductivity can be adapted according to external
stimuli. Reconfigurable antennas may be designed controlling the
radiation pattern and efficiency, depending on the application [459].
For example, by stacking several layers of graphene, the conductivity
and band gap could also be tuned. Therefore, graphene’s properties
could be tuned either by an external electric field or through an
interaction-induced symmetry breaking between several layers,
thus leading to atomically thin insulators or conductors.

4.3.3 Graphene-Nanocrystal Hybrid—Based LED

Shape-controlled semiconductor core/shell colloidal inorganic
nanocrystals (CINs) show advantageous luminescent properties
[460], including high quantum yield [461] and the possibility
to precisely tailor their emission wavelength by tuning the core
size [461]. The organisation of such CINs into ordered arrays, e.g.
microscale ensembles of laterally and vertically aligned nanorods,
has been achieved, with promising optoelectronic properties [462].
Graphene can open up new horizons in terms of designing hybrid
architectures consisting of light-emitting semiconductor CINs [463,
464] and plasmonic MNPs [465]. Apart from being the scaffold
for complex assembly structures, graphene can contribute to the
functionality due to its electrical properties, which can be used for
charge transport, but also for modulation of electrical interaction
between metal and semiconductor NPs. The aims are (i) fabrication
of homogenous and preferably ordered CIN layers on graphene,
(ii) using graphene as a template for more complex NC assemblies,
(iii) implementing graphene as an interface between metal NPs for
plasmonics and semiconductor CINs for enhanced light emission,
(iv) optimising the graphene-NC interface for achieving efficient
charge injection into semiconductor CINs while maintaining their
bright emission, (v) design of novel device architectures exploiting
the flexibility of graphene. The first aim is the controlled fabrication
of NC layers on graphene surfaces in bilayer and multilayer
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configurations for light-emitting applications, and the efficient
charge injection from graphene into the CIN layer. The future target
is the bottom-up approach to graphene-CIN-based electrically
pumped LEDs and lasers, in which the optical gain material also
constitutes the resonant cavity.

4.3.4 Transparent Conductive Films

Graphene materials are promising candidates for TCFs because
of their high carrier mobility, electrical conductivity and optical
transmittance in the visible range of the spectrum. Optical
transmittance (transparency) of chemically modified graphene is
reported to be 83% at wavelength of 1000 nm. Disordered films of
randomly stacked few-layer graphene platelets have shown ~75%
transmittance at wavelength of 550 nm. GO-based TCF shows ~87%
transmittance at a wavelength of 550 nm.

Graphene-based TCFs have been used as electrodes for dye-
sensitised solar cells, liquid crystal devices and OLEDs [433]. The
current performances of GTCFs are very promising in view of
commercial applications, already matching requirements for many
of them [466]. Graphene can be used as a window in inorganic
(Fig. 4.29a), organic (Fig. 4.29b) and DSSCs (Fig. 4.29¢). A uniform
graphene layer can be transferred to the required substrate, and
large-area graphene has been transferred to 30 x 30 cm? substrates
with low-temperature lamination techniques [468].

4.3.4.1 Solar cells

The TC layer is a necessary component of all thin-film solar cells, and
it has a major impact on efficiency, resulting in a 10-25% power loss
even for the best TCs [469]. For the development or adoption of any
new TC material, it is useful to know the impact on efficiency and
the requirements to improve overall efficiency. Graphene can reduce
losses, since it can have T, > 90%, with R, < 100 /cm.

A figure of merit is the ratio of DC conductivity and absorptivity
(absorption coefficient). This does not depend on device architecture
or film thickness and can be determined from R, and absorption.
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4.3.4.2 Organic LEDs

OLEDs can also take advantage of graphene [470]. They consist of an
electroluminescent layer between two charge-injecting electrodes,
at least one of which is transparent [467]. In these diodes, holes are
injected into the HOMO of the polymer from the anode, and electrons
into the LUMO from the cathode. For efficient injection, the anode
and cathode work functions should match the HOMO and LUMO of
the light-emitting polymer [467]. Traditionally, ITO is used as TCFE.
However, besides cost issues, ITO is brittle and limited as a flexible
substrate. In addition, it tends to diffuse into the active OLED layers,
which reduces device performance over time. Graphene has a work
function of 4.5 eV [467], similar to that of ITO. This, combined with
its promise as a flexible and cheap TC, makes it an ideal candidate for
OLED anodes (Fig. 4.29d), while eliminating the issues related to In
diffusion. Electroluminescence was also reported in graphene [471].
Although the power-conversion efficiency is lower than CNTs [467],
this could lead to light-emitting devices based on graphene. Key
to this is the inability of monolithic vibrations to provide localised
tactile feedback associated with visual images, and this is related to
the difficulty in implementing tactile feedback directly from a display
surface [472, 473]. To address the problem, a flexible and optically
transparent graphene-based programmable electrostatic tactile
(ET) system was developed capable of delivering localised tactile
information to the user’s skin, directly from the display’s surface and
in accordance with the displayed visual information [474].

It has been reported [475] about the development of a
transparent and stretchable graphene-based actuator, composed
of transparent and compliant graphene electrodes and a dielectric
elastomer substrate, for tactile displays. The graphene electrode is
coated onto the designed region of the substrate layer by layer. Thus,
only the area of the dielectric elastomer substrate with electrodes
bumps up in response to the input voltage, which consequently
produces actuation [475]. Apart from being simple in fabrication,
cost-effective and extendible to multiple arrays, the actuator
preserves its electrical and mechanical properties even under 25%
stretching [475].



Sensors and Metal Detectors | 215

a) Silicon solar cell b) Organic solar cell ) Dye-sensitized solar cell

Light

Light

d) OLED f) A Smart window

Flexible transparent
g#—polymer support
Polymer dispersed
Liquid Crystal
Graphene-based
transparent electrode

Figure 4.29 Graphene-based optoelectronics: (a) inorganic, (b) organic, (c)
DSSCs, (d) OLED, (e) capacitive touchscreen, (f) smart windows. Reprinted
by permission from Macmillan Publishers Ltd: Nature Photonics, Ref. [467],
Copyright 2010.

4.4 Sensors and Metal Detectors

The rapidly increasing use of sensors throughout society and the
demand for cheaper and better devices with less power consumption
depend critically on the emergence of new sensor materials and
concepts. GRMs have great potential for sensor development
[476, 477] within a very wide range of applications, including
industrial monitoring, surveillance, security, interactive electronics,
communications, lab-on-chip, point of care, environmental
monitoring, transportation and automation. This could result in
a wave of cheap and compact sensor devices with functionalities
not seen in existing sensor technology. A sensor is a very general
concept, covering essentially any device which converts physical
quantities into a signal an observer can interpret. The target is to
demonstrate proof-of-principle sensing schemes for a variety of
applications: pressure sensors and microphones, mass (including
gas) and force sensing, as well as electrical sensors for microwaves
and biosensors. An essential part of the sensor is the read-out
scheme. Mechanical, optical, electrical transduction schemes
for GRM sensors must be explored [477]. Efficient transduction
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schemes which operate in a variety of environments (air, vacuum,
liquid), as well as high pressures, high/low temperature and
harsh conditions are needed for applications. In the short term,
the development of GRM-based sensors will take advantage of the
progress in high-frequency electronics, in particular concerning THz
detection, as there is a lack of sensitive detectors for this frequency
range. Optoelectronics is an interesting direction as it can provide
new means for sensitive read-out and transduction schemes, and
graphene-based plasmonic sensors [476-478], e.g. chemical sensors
with single-molecule sensitivity. Furthermore, discoveries within
the fundamental and spintronics research areas may lead to new
detection schemes. The performance of sensor-based devices may
profit from further development of better GRM fabrication methods,
as well as from emerging flexible electronics technology, e.g. to
realise cheap, scalable, flexible sensors [480, 481]. In a longer time
frame, when the working principle of novel GRMs sensor types will
become established, the inputs and requirements, e.g. derived from
themes in Section 4.3, might lead to the design and fabrication of
highly specific, commercially competitive sensors. The challenge
is to exploit the unique properties of GRMs [482], optimise their
chemical, optoelectronic and mechanical response for efficient on-
chip individual and array sensors, and integrate them with fast,
accurate and cheap read-out. GRM sensors can be divided into two
categories: contact sensors, where substances make physical contact
to the surface and induce a response, or non-contact sensors, which
do not necessarily have to be in contact with the environment.
Contact sensors include chemical and electrochemical sensors [483,
484] (gas and biosensors), as well as mass [485, 486], mechanical
force and stress [487] sensors, while optical /optoelectronic sensors
[488, 489], magnetic [477, 490], radiation [491, 492], electric field
(single-electron devices) [493] and strain sensors are, in most cases,
non-contact [494].

4.4.1 Gas Sensors

Graphene-based hybrid nanostructures have been found in NO,,
CO,, as pH sensor and biosensor. Epitaxially grown single-layer and
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multilayer graphene on SiC devices was fabricated and compared for
response towards NO,. Due to an electron donation from SiC, single-
layer graphene is n-type with a very low carrier concentration.
The choice of substrate is demonstrated to enable tailoring of the
electronic properties of graphene with an SiC substrate realising
simple resistive devices tuned for extremely sensitive NO, detection
[44-50].

A monolayer graphene sheet has the ability to sense a variety
of gases and biomolecules. Its sensing ability is based on large
specific surface area and change in conductance as a function of
surface adsorption. As molecules adsorb to the graphene’s surface,
adsorption experiences a charge transfer with graphene sheet as a
donor or acceptor. This changes fermi level, electrical resistance and
carrier density of graphene due to which chemical sensing occurs.
Many studies suggest that monolayer graphene and functionalised
graphene are promising candidates for detecting a variety of gas
molecules of LPG, ammonia and CO, organic vapours, protein
molecules and DNA. The large elastic region of graphyne and
graphdyne has the ability to strain and relax to its original shape
by releasing strain without permanent deformation. These enable
the resilient electromechanical coupling, which is required in high-
temperature sensing. Graphane is also used in the application of
biosensing due to its electrochemical oxidation [426-429, 433].

4.4.2 Nanoelectromechanical Sensors

Suspended graphene is the ultimate membrane, and the steadily
improving control over N6, GB [495], defects [496], large-area growth
and transfer [497] implies that the quality and availability of such
structures will make graphene membranes increasingly relevant, not
justin terms of improving existing state-of-the-art sensor technology
with better performance or cheaper price, but in making radically
new sensor concepts possible. Nanoelectromechanical (NEM) mass
sensing is a viable route for high-performance devices [498]. Mass
sensing involves monitoring the shift of the mechanical resonance
frequency of a resonating mechanical structure, as the mass is
increased by adsorption of the particles onto the resonator [499].
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The surface-area-to-mass ratio of a graphene is very high (~2630
m?/g) [500]; hence even a molecular level of deposited material
on a micro- or nanosized graphene membrane can constitute a
measurable fraction of the total mass. Mass sensors based on
graphene membranes were predicted to approach a mass resolution
of 1076 femtograms [501]. Although strong and flexible, graphene is,
nevertheless, difficult to handle due to its extreme thinness [502].
Suspended graphene can be fabricated either by transferring CVD
graphene onto a structure containing gaps, cavities or trenches [503,
504] by partial sacrificial etching in hydrofluoric acid of the SiO,
layer on which graphene is supported [505, 506], or by mechanical
exfoliation of graphene directly on trenches [502].

4.4.3 Chemical Sensors

The development of CNT chemical sensors is inhibited by the intrin-
sic heterogeneity of SWNTs ensembles [507]. Although numerous
approaches address the separation of s-from mSWNTs [508-514],
further improvement is needed to solve this in a way that is practi-
cal in a commercial scenario [515]. The blends of m- and s-SWNTs
can be statistically consistent and have a potential for sensing, the
attention turned to GRMs. A hall bar graphene device was used with
the charge density in the graphene tuned to its lowest possible level
to minimise electrical noise. This allowed detection of elementary
charge adsorption events [516] corresponding to individual gas
molecules. It was estimated [516] that a detection limit in the ppb
range, comparable to existing sensor technologies, and detection of
gas molecules concentration in the sub-ppt range has since been ob-
served [517]. Graphene could become an important chemical sensor
technology not just in terms of sensitivity but also price. Compact
devices may be fabricated in large areas, on rigid as well as flexible
[518, 519] substrates, which greatly enhances the practical applica-
bility compared to conventional solid state sensors.

Substantial efforts were done to relate the adsorption processes
to the observed change in conductivity [520]. As the conductivity is
proportional to both carrier concentration and y, o = ney, it can be
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difficult to determine which, if not both, of these are affected by a
specific adsorption process, i.e. whether the dominating process is
a doping or a scattering effect. Schedin et al. [516] reported about
sign reversal of the conductivity change depending on the adsorbent
being a donor or an acceptor (Fig. 4.30), however with minimal
change in y, as confirmed by Lohmann et al. [521]. Numerous reports
found py improvement upon cleaning graphene from adsorbents
[522-524]. A better understanding of the adsorption processes and
their effect on the electrical properties of graphene is necessary.
Contamination poses a serious challenge for graphene sensors, both
in terms of cleaning during fabrication and for maintaining integrity
during operation. While most graphene applications directly benefit
from a reduction in defects, contamination and corrugations, this is
not necessarily the case for graphene chemical sensors.

Similarly to CNTs, graphene has no dangling bonds on its
surface. The gaseous molecules of interest may not easily adsorb
onto pristine graphene surfaces [525]. The sensitivity may thus
be limited by the chemical inertness, both by inhibiting chemical
binding of analytes and functionalisation layers [526]. A possible
solution is the deliberate introduction of defects, which has been
shown to enhance the chemical sensitivity of graphene conductivity
sensors as compared to pristine graphene [526, 527], as adsorbents
predominantly bind to defects. Upon adsorption, edge and line
defects have a far larger effect on conductivity than point defects,
where current pathways around the defect exist [527]. While this
situation may occur in other materials, graphene is superior due to
its high o (even when few carriers are present) and low noise, making
even small changes in resistance detectable [516]. Functionalisation
with molecules can improve the sensor performance in terms of
sensitivity and selectivity. DNA deposited on a graphene chemical
sensor improved response and recovery time, with the response
being specific to a certain DNA sequence [528, 529] (see Figs.
4.30c,d). Large-area nanopatterning of graphene using colloid
lithography was shown to be a viable route towards even higher
sensitivities [528] (see Fig. 4.30b).
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Figure 4.30 (a) Ref. [516] demonstrated chemoresistive sensing using
graphene field-effect devices (inset), with the response depending on the type
of analyte. (b) Nanopatterning can enhance the sensitivity of graphene chemical
sensors. Large-area nanopatterning (inset) using colloidal lithography, could
lead to a strongly increased response to various gas molecules. The gCH4 and
gEtOH labels refer to graphene grown with methane and ethanol, respectively.
The higher response of gktOH samples was related to a higher defect density.
(c) Decoration with DNA molecules of a graphene field-effect device can
affect the chemoresistive response according to the specific DNA sequence.
(d) Normalised changes in current versus time for ssDNA graphene vapour
responses. Lower arrows indicate introduction of analyte at progressively
larger concentrations, while upper arrows indicate flushing with pure carrier
gas. Graphene devices (black data) show very weak vapour responses which are
barely above the noise floor. Devices functionalised with sequence 1 (red data
with squares) or sequence 2 (blue data with circles) show significant responses
which are sequence dependent. Measurement of dimethyl methylphosphonate
(DMMP) at concentrations of 20, 40, 60, 80, 100 and 120 ppm. Reprinted
by permission from Macmillan Publishers Ltd: Nature Materials, Ref. [516],
Copyright 2007.

4.4.4 Strain Sensors

Depending on their chirality, SWNTs show large relative resistance
change (AR/R) per strain - &- (AL/Lg, with AL change in length and
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Ly, original length) [507], the so-called gauge factor, typically ~103,
mainly due to strain-induced changes in the band gap. Graphene
is capable of withstanding very large strains without permanent
mechanical damage (26%) [530] and without major changes in o
(6%) [530]. For graphene, a gauge factor of 6 was reported [531]
far from what can be achieved with CNTs. CVD-grown graphene
transferred on PDMS has shown a much higher gauge factor (~151)
[532]. However, due to possible presence of defects, GBs and possible
damage to graphene in the transfer process, itis difficult to determine
the reason for the high measured gauge factor [532]. Nevertheless,
the reason why graphene is suggested as a strain sensor [479, 533]
is not the sensitivity, but the high mechanical flexibility combined
with optical transparency, which paves the way for new applications
in human-interface technology [479]. In comparison with most solid
state strain sensors, graphene-based sensors are better suited for
polymer-based flexible electronics, displays and surfaces. It has been
demonstrated [479] that graphene-based strain sensors integrated
into epoxy gloves are able to read out the bending of the fingers. It
was shown theoretically [534, 535] and experimentally [536, 537]
that a large uniaxial strain can change the electronic properties in a
way which closely resembles the effect of a large magnetic field. This
pseudomagnetic field led to an experimental observation of QHE at
zero field in highly strained graphene bubbles formed on Pt(111)
[537]. This effect could be envisioned for ultra-high level pressure
sensors, with the pressure range being tunable by adjusting the size
of suspended graphene membranes [536].

4.4.5 Magnetic Sensors

The detection of small (micro to nano Tesla) magnetic fields
is a challenging issue for the development of scanning probe
magnetometry [538], biosensing [539] or magnetic storage [540].
Current technologies based on giant magnetoresistance and
tunnelling magnetoresistance are limited by thermal magnetic
noise and spin-torque instabilities [490]. Integrated Hall sensors
have numerous applications, including automobiles, computers,
industrial controls and consumer devices [541] with a ~870 B Euro
market size [542], and 90% of the market for magnetic sensors
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[542]. Graphene-based Hall sensors can be fabricated in a cross-
shaped geometry [541], in which the Hall effect is used to determine
the magnetic field. Such sensors might be used to measure small
magnetic particles, or be made into a scanning probe to map
magnetic fields with a high spatial resolution.

4.4.6 Metal Recovery

The removal of toxic metal ions is important for the provision of safe
drinking water, but its removal in the presence of natural organic
matter is challenging. Nafion-graphene nanocomposites solution
with in situ plated mercury film electrode was used to determine Zn,
Cd, Pb and Cu ions [66].

4.4.7 Photodetection

It is clear from different characterisation and transport studies
that RGO contains a lot of defects, and they do not have the same
extraordinary electrical properties as pristine graphene. However,
extraordinary electrical characteristics are not required, including
sensors, transparent electrodes, solar cells, field emitters, etc. In
addition, their graphitic domain nature may also be of great use
for optoelectronic applications. Photoconductivity of bulk RGO thin
film has been studied using various intensities of light, external field
and photon energies [543]. The study showed higher photocurrent
under same photon energy with the increase in incident light
intensity and external electric field. This indicates that the charge
carrier generation is influenced by the number of photons and the
external field intensity in RGO sheets. Higher photoconductivity
has also been observed with higher photon energy under same
intensity and electric field. The time-dependent photocurrent decay
results show extra time required to recombine charge carriers upon
increase in external field and light intensity. It can be concluded that
the RGO film generates more charge carriers per unit volume upon
irradiation of higher photon energy. In comparison with SWCNT,
the RGO film shows high photocurrent generation efficiency [543a].
Position-dependent RGO thin-film photo-detector has been reported
by using NIR (wavelength of 800 nm) light [544a].
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Figure 4.31a shows a schematic diagram of the device and elec-
tron transport measurements set-up. L corresponds to illumination
on the left electrode/film interface; R corresponds to illumination on
the right electrode/film interface, and M corresponds to the middle
position of the film. Figure 4.31b shows the photocurrent with dif-
ferent laser spot positions. The photocurrent increases, decreases
or remains almost zero depending on the position of the laser spot
with respect to the electrodes. In detail, the -V curves for position
M and in dark lie on top of one another and pass directly through the
origin. Whereas when light is illuminated at positions L and R, the
[-V curve is shifted above or below the origin, respectively. A large
enhancement of photocurrent as well as a finite photo-voltage at
the interface indicates that there is an existence of locally generated
electric field at the metal-RGO film interface. This mechanism of the
local electric field generation was explained using Schottky barrier
model. In the schematic diagram (Fig. 4.31c), the black filled and
open circles inside the dotted oval region represent the photogen-
erated excitons (bound electron-hole pair) due to the absorption of
NIR source (curved red arrow). Solid line is the potential variation
within the graphene channel, and dashed lines are the Fermi levels
(EF) of the two electrodes. When NIR is illuminated on the left elec-
trode/RGO film interface, excitons are generated and dissociated
into free charge carriers at the interface. Since RGO thin film has a
lot of defects, it will also help in the dissociation of excitons into free
carriers. Some of the free carriers (holes) might have sufficient en-
ergy to overcome the SB and enter into the metal electrode leaving
the electron in the film. This causes a hole-electron separation at
the interface creating a positive photo-voltage. In addition, the time
constant of the dynamic photo response was 2.5 s, which is much
larger compared to the single sheets of pristine graphene, possibly
due to the disorder from the chemical synthesis and interconnection
of sheets. RGO FET phototransistor also has been studied based on
their energy band gap values [545a]. In this case, RGO FET, in which
few-layer RGO sheets serves as the semiconducting channel and is
designed to conduct positive and negative charge carriers (holes and
electrons, respectively). The band gap, which ranges from 2.2 eV to
0.5 eV, can be made tunable by reduction treatments. These results
also indicate that the photosensitivity is strongly related to the num-
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ber of oxidised functional group. The rough estimation of the photo-
sensitivity of RGO FET was calculated to be around 0.85 A/W, three
orders lower than that of pristine graphene [546a].
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Figure 4.31 (a) Schematic diagram of the device and electron transport
measurement set-up. L, M and R are three different positions of NIR illumination.
(b) Current—voltage characteristics of the device at three different illumination
positions (L, R and M) and under dark condition. (c) An illustration for photo-
voltage generation at the metallic electrode/RGO interface. Reprinted from Ref.
[544b], with the permission of AIP Publishing.

Graphene-based hybrid systems are interestingly found in the
field of photocatalysis because the high electronic conduction of
graphene sheets can promote a very efficient charge separation in
many hybrid nanostructured systems constituted by semiconductors
(e.g. TiO,, CdS) supported on graphene [2]. Metal-graphene-
metal (MGM) PDs were the first class of graphene-based devices
to be investigated [543b-545b]. In early reports [543b-545b],
photocurrent was generated by local illumination of one of the
MG interfaces of a back-gated G-FET. The resulting current was
attributed to the PV effect [543b-545b]. It was shown that the
field arises from charge transfer from the respective contact metal
to graphene [547, 548] and can thus be adjusted by proper choice
of the metal [543, 549]. It can be further enhanced by graphene
doping via electrostatic gating [543-545]. Metal is replaced by
FeClz-intercalated graphene multilayers to realise an all-graphene-
based PD [550]. In addition to the PV effect, the PTE effect may also
contribute [551]. Both mechanisms were disentangled in specifically
designed experiments. Ultrasensitive PDs and image sensor arrays
for visible and IR imaging have been developed [552] based on
sensitised graphene: A film of semiconducting particles or QDs is
deposited on the graphene sheet [552] (see Fig. 4.32).
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Figure 4.32 Schematic of GQD hybrid phototransistor, in which a graphene
flake is deposited onto Si/SiO, coated with PbS QDs. Incident photons create
e—h pairs in the PbS QDs. Reprinted by permission from Macmillan Publishers
Ltd: Nature Nanotechnology, Ref. [552], Copyright 2012.

Colloidal QDs offer high absorption and band gap tunability from
UV to SWIR [553] and could be employed as a vehicle to demonstrate
the potential of this technology. Through sensitisation, strong
absorption of ~50-100% can be achieved [552]. Graphene has
advantages but also disadvantages with respect to other materials
for PD applications.

4.4.7.1 High-speed applications

High-speed photodetection superior to existing technologies is
desirable for optical communication applications. The current
bandwidth of graphene-based PDs was measured to be 262
GHz [554]. Due to the broadband absorption of graphene,
photoresponsivity for visible, NIR and SWIR light was shown to
be fairly constant (up to ~3 um [555]), with Ry, up to ~0.13 A/W,
exploiting integration with waveguides [556, 557] or enhancements
by plasmonics [558]. In terms of bandwidth, graphene is, thus,
capable of outperforming other technologies being investigated for
optical communications, such as monolithically integrated Ge [559,
560]. High-speed PDs were also realised with III-V semiconductors
(>300 GHz) [561], but these are difficult to integrate with Si optical
and electronic technologies. An outstanding challenge for graphene-
based PDs remains the increase in responsivity and effective
detection area. Heterostructure stacks of 2D materials for vertical
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photocurrent extraction have large detection areas [562] and may,
therefore, address the latter issue. An additional distinct advantage
compared to existing technologies is that graphene is a platform for
high-speed light modulation and detection on the same chip. While
the individual elements have been realised, the integration of an all-
optical link and the implementation of large-scale circuitry remain
an outstanding challenge.

4.4.7.2 Highly sensitive detection

High-sensitivity photodetection has become a major functionality
for a plethora of applications, such as remote sensing, biomedical
imaging, optical communications and gas sensing. For the vast
majority of applications, such as digital imaging and metrology,
Si photodiodes exhibit excellent performance and are cost-
effective due to their ease of integration with CMOS electronics.
For applications where transparency and flexibility are important,
GRM-based photodiodes represent a promising alternative. For
applications where detection of SWIR to MIR is required, Si is not a
suitable absorber, and I1I-V semiconductors offer an alternative, but
they are costly and difficult to integrate with Si read-out electronics.
In this case, GRM-based photodiodes, photoconductors and hybrid
phototransistors are particularly promising because they exhibit
high photoconductive gain due to the high mobility of GRMs, do
not require high voltages and can be monolithically integrated with
existing Si-based multi-pixel focal-plane arrays [552, 563-565].
By sensitising the GRM with QDs, the sensitivity range can cover
UV visible [566, 567] as well as SWIR [568] and MIR [569]. The
outstanding challenge of this type of photoconductive detectors is
the dark current, which can be addressed by the read-out circuitry
(similar to bolometric systems). The reported projected NEP
(~10-17 W) and specific detectivity D*(7x10'3 Jones) [552] are
on par with existing technologies, such as InGaAs. Outstanding
challenges include improvement in speed (currently up to 100
Hz), large-scale production and integration of multi-pixel arrays.
Alternatively, p-n photodiode-based TMDs exhibit high sensitivity
(see Refs. [570, 571]) and low dark current. Outstanding challenges
include the improvement of the sensitive area and large-scale
production. The detection of mid-infrared (MIR) light is important
for biosensing, security, thermal imaging, etc. For this frequency
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range, graphene can offer an appealing advantage compared to
other materials, by employing plasmons, which resonantly enhance
absorption for a wavelength which is tunable by a gate, offering in
situ tunable spectral selectivity. The major outstanding challenge for
this wavelength range is the carrier extraction, e.g. by utilising p-n
junctions in lateral or vertical structures or by employing bolometric
detection. Graphene bolometers have shown excellent performance
[572] at low temperature, with NEP ~33 fW per vHz, comparable to
existing technologies. The main challenge remains the matching of
the high graphene impedance (tens of k) to that of free space (377
Q) for efficient photon coupling.

4.4.7.3 Terahertz detection

Photodetection of FIR radiation is significant for a variety of
applications, ranging from medical diagnostics to process control,
homeland security and cultural heritage. Commercially available
THz detectors are based on thermal sensing elements which
are either very slow (10-400 Hz modulation and NEP~10710 W
per\/Hz) or require deep cryogenic cooling (4 K for superconducting
hot-electron bolometers), while those exploiting fast nonlinear
electronics (Schottky diodes) or high-mobility transistors are
usually limited to sub-THz frequencies [573]. Graphene can exceed
these limits by exploiting THz plasma waves which are weakly
damped in high-quality samples, allowing for resonant detection
regimes in an FET. This could potentially beat all other technologies
at RT, but a major challenge is the demonstration of the resonant
DS detection mechanism [574, 575] by integrating high-mobility
graphene with appropriate THz antennas. However, graphene THz
detectors have already been demonstrated for the range 0.29-0.38
THz with an NEP~1079 W pervHz [576], and for the range 2 THz
with an NEP~1078 W per VHz [577]. The combination of scalability
at higher frequencies, prospects for integration with Si-platforms as
well as potential for implementing flexible devices makes graphene
highly competitive for a future generation of THz detection systems.
Although photodetection platforms based on GRMs have been
developed for a wide variety of applications at a remarkable pace,
outstanding challenges remain to demonstrate the true potential
and to exploit the distinct advantages of 2D crystals. The prospects
for commercialisation will not just depend on the detector
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performance, but likely also on some of the distinct advantages and
capabilities, in addition to the ability to realise production of large-
scale high-quality 2D materials at a low cost and to establish large-
scale integration with existing photonic and electronic platforms,
such as CMOS technologies.

4.5 Conclusion and Perspectives

Experimental studies on the independent electromagnetic
properties and the industrial applications of functionalised
graphene in electronics, spintronics, energy harvesting and other
applications still need to be compared. The synthetic issues must
be resolved so that the graphene derivatives can accomplish their
promising technical potentials. Graphene-related NMs have an
exciting future for utilisation, but their stability and physical and
chemical properties need to be investigated.

The 3D manipulation of 2D graphene materials is challenging
but the manipulation of graphene into higher-order nanostructures
has already shown its potential for different applications. Graphene-
related systems can be used as model systems for potential
applications, e.g. CMG systems for electro-catalysts. Applications of
GRMs include transparent flexible electrodes, sensors, graphene/
polymer composites for mechanical parts, energy storage and
organic electronics. The opportunities and challenges rest on these
targets and have attracted efforts of many scientists and engineers.

Graphene-related 2D crystals and hybrids are now rapidly
evolving and growing from pure science to technology. Different
applications require GRMs with diverse properties, from structurally
perfect for high-tech electronics, to defective materials for energy
applications, e.g. batteries and SCs. A current and near future market
for GRM applications can be driven by the production strategies for
these materials. As the production route will mature, widespread
practical implementation of these strategies would be possible.
The cheapest GRMs and with the least stringent requirements can
be the first to be available on the market, e.g. in conductive inks-
based flexible electronic devices such as flexible solar cells, batteries
and SCs, while devices with the highest, electronic quality grades,
such as spin valves, non-volatile memories, will take more time to
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progress. The main target is to develop novel applications to use the
unique properties of GRMs. GRMs can replace the existing standard
materials only if properties of the new components are competitive
enough to justify the cost of the changing current industrial

processes.
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Chapter 5

Summary

Graphene-based NMshave been studied and successfully investigated
intensively during the past two decades, which shows that there
has been a demand to increase efforts to search graphene-related
new functional NMs. However, this book endeavours to summarise
the current status of graphene research and the state-of-the-art
techniques for graphene-related NMs and their derivatives that have
predominated as functionalised graphene-based NMs. Graphene has
already shown its potential as a nanocarbon material because of its
ability for electronic conduction , functionalisation and a versatile
nanoscale design.

During the past decade, scientists have devoted their ever
increasing efforts to develop new graphene-related functional and
hybrid NMs. This book also summarises the current scenario of
different graphene derivatives including functionalised graphene,
doped graphene, oxidised graphene, hydrogenated and fluorinated
graphene, edge-functionalised GNRs, graphdiyne, graphyne and
porous graphene. These functional 2D carbon-based NMs have
boosted the fundamental interest in technical and scientific points
of view, which opens new avenues for the applications due to their
distinct properties. Compared to the perfect graphene having
absence of a band gap, graphene derivatives possess electronic
properties varying from semiconductors, half-metals to metals that
demonstrate encouraging technological potentials in the fields of
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electronics, memory, optical devices, energetic applications of fuel
cell electrodes, SCs and batteries, catalysis, sensors, biotechnology,
gas/ion separation, etc. As a new family of 2D carbon NMs, graphene
derivatives offer prospective platforms to investigate new structures
with characteristic properties, chemistry, engineering and
technological applications. A clear understanding of these carbon
NMs is crucial for the birth of graphene-based nanoscience and
technology.

Some challenges requiring great efforts still exist in achieving
these novel NMs. Versatile properties of NMs are essentially much
more needed to be explored and the focus must be on the (i) control
of the doping behaviours of graphene to achieve the magnetic and
electronic properties; (ii) modification and fabrication of GNRs with
smooth edges and nanoscale widths with as-expected edges; (iii)
interpretation of atomic structures of GO; (iv) removal of the oxygen
groups duringthe reduction process, which can enhance the electrical
conductivity; (v) preparation of fully and partially hydrogenated and
fluorinated graphene with controllable hydrogenation/fluorination
ratios. Graphyne and graphdiyne have been predicted to have
great potentials, but the optimisations in synthesis methods are
needed for large-scale production. The ordered and tunable surface
porosity of porous graphene might be difficult to achieve during
the synthesis. It has been researched and demonstrated that the
exceptional properties (mechanical, thermal, electrical, optical and
long electron mean free paths) of graphene make it compatible for
various engineering applications. Efforts have been made to explore
the fundamental physics and chemistry of graphene, their derivatives
and related NMs. Novel properties of 2D graphene nanostructures,
such as highest charge transport, room temperature quantum
Hall effect and thermal conductivity, have not been reported from
3D NMs. Research work done in the past 5 years indicates the
importance of graphene-related NMs and it has surpassed silicon
research for the development of microelectronics because silicon-
based research is at a mature stage to overcome the technological
barrier. The semimetal characteristic of GNRs and bilayer graphene
has been modified to realise their applications in FET. However,
graphene has some challenges in the development of the final
device fabrication. Exceptional properties of defect-free graphene
have been reported. The epitaxially grown single, bilayer and few-
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layer graphene have been prepared by alternative methods such as
CVD. The scalability of wafer scale using CVD method on different
substrates and transfer of graphene layers for device fabrication has
been demonstrated. Graphene-related researches are tremendous
breakthroughs that offer novel opportunities for semiconductor
applications. The graphite flakes exfoliation into GO sheets followed
by thermal and chemical reduction has offered a cost-effective large-
scale production route for RGO. However, the lowered electrical and
mechanical properties result in a lack in control of functionalisation
by other groups. But these can be controlled by oxidation/reduction
and functionalisation by tuning the mechanical properties, band gap
and electrical conductivity. Therefore, modified graphite, GO and
RGO become crucial for the development of graphene-related NMs.
The large surface of GO and RGO may be difficult to handle during
mass production and may also lead to health risks due to inhaling and
handling toxic chemicals. The health risk issues of graphene, their
derivatives and related NMs need to be investigated by considering
their toxicity and biocompatibility.

Graphene/polymer composites have shown improved thermal,
mechanical and gas barrier properties. The potential applications
of graphene, its derivatives, related NMs and graphene/polymer
nanocomposites include the development of sensors, transparent
flexible electrodes, energy storage, and organic electronics and
mechanical parts. The higher charge mobility of RGO, compared
to semiconducting conjugated polymers and amorphous silicon,
enlightens the path for its electronic applications. The main hurdles
in any device fabrication in which defects at atomic level and folding,
wrinkling and overlapping at macro-scale of RGO are used require
continuous research. A single-layer graphene sheet on suitable
substrate can be viewed under an optical microscope, depending
upon the substrate thickness and incident light wavelength. A
pristine graphene should be researched by a simple detection
method that is independent of support material. A high-resolution
TEM micrograph can interpret the doping level and also reveal the
defect structures in graphene quantum dots at atomic resolutions.

The advanced deposition technique of single- and bilayer
graphene sheets makes it possible to use them in fabrication of
large-area devices. Several factors such as GNRs dimension quantum
confinement, tuning the substrates properties, bilayer graphene and
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Summary

chemical functionalisation have been proposed for nanoelectronics.
GNR with nanoscale dimension (i.e. 10 nm) can provide the right
band gap for the development of efficient FET devices. Cutting
graphene into GNR has shown their applications in FET logic
applications but is associated with the electron scattering at the
rough edges and disorder from the back substrate. The new options
such as tunnel and bilayer pseudospin FETs have been researched
to tackle the challenge observed during development of graphene-
based FET devices. Recent investigations provided evidence of the
reduction process and varying the oxidation level for tuning the
band gap. Therefore, opening the band gap of graphene, GNR and GO
has encouraged the development of future practical nanoelectronic
devices which is comparable to metal oxide-based semiconductor
circuits.

In summary, nanoengineering and technology can play a vital
role in the development of devices made of graphene-related NMs,
hybrid nanostructures and graphene/polymer nanocomposites with
improved properties. By controlling the distribution, density, kind of
chemical bonding as well as 3D arrangement of the components, the
performances of graphene-based NMs and nanocomposites can be
enhanced.
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