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Abstract Graphene, the thinnest two-dimensional material, is extensively explored
by interdisciplinary fields of research communities due to the excellent electronic,
mechanical, optical and thermal properties. This chapter provides a comprehensive
review of the structure, synthesis, properties and applications of graphene/reduced
graphene oxide. Graphene, the one atomic thick layer of sp? hybridized carbon
atoms arranged in honeycomb lattice, is the building block of all carbon materials
such as graphite, carbon nanotubes and fullerenes. It can be synthesized by differ-
ent techniques such as micromechanical cleavage, exfoliation and chemical vapour
deposition. It has also been commonly synthesized from the reduction in graphene
oxide. The reduction of graphene oxide again is also carried out either by using haz-
ardous chemicals or by green approach. This chapter also discusses the properties of
graphene/reduced graphene oxide, which makes them a potential material in diverse
applications. The potential fields of applications of graphene/reduced graphene oxide
include medicine, electronics, energy devices, sensors, environmental and many
more.
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5.1 Introduction

Carbon is the foundation of organic chemistry and the key material for life. Due
to flexibility of bond formation, carbon-based systems are composed of a number
of structures of wide physical properties. Graphene/reduced graphene oxide, the
exciting material of modern age, has found interest by the scientific community
of interdisciplinary fields due to the remarkable physical properties and chemical
tunability opening the provisions of vast applications in the field of physics, chemistry
and materials science. It plays a decisive role to determine the electronic properties of
carbon allotrope and can be considered as a honeycomb structure made of hexagons.
Graphene, the mother of all carbon allotrope, has been unknowingly produced by
someone, who writes with a pencil. However, it has been recognized much later.
The main reason behind the fact is that the existence of graphene in the free state is
questionable and no experimental tool has been available to detect one-atom-thick
graphene layer from the pencil debris.

A group of researchers at Manchester University, Andre Geim and Konstantin
Novoselov, have successfully isolated a single layer of graphene by mechanically
cleaving graphite crystal [1]. Graphene is the ‘thinnest’ 2D material and exhibits
extraordinary electrical, optical, mechanical and thermal properties [1, 2]. It has
inspired the development of many envisaged modern devices due to the excellent
electrical conductivity, transparency along with flexibility such as roll-up and flexible
electronics, energy storage materials, energy conversion materials, polymer compos-
ites and transparent conducting film/electrodes [3, 4]. Graphene, the wonder material,
exhibits a theoretical specific surface area of 2630 m? g~! with excellent intrinsic
mobility of 200,000 cm? v~! s~ It exhibits high Young’s modulus and thermal con-
ductivity values of <1 TPa and <5000 W m~! K~!, respectively, with good optical
transmittance (<97.7%) [5-7]. The excellent electronic properties of graphene make
them a suitable material as transparent conductive electrodes [8].

5.2 Structure of Graphene

Graphene is the structural building block of all graphitic forms, including 3D graphite,
2D graphene, 1D carbon nanotubes and 0D fullerenes. It is one atomic thick layer
of sp? hybridized carbon atoms arranged in a honeycomb lattice with C—C bond
lengths of 1.42 A and partially filled pi-orbitals above and below the plane of sheet [9].
Graphite is the form of numerous graphene sheets stacked together with an interplanar
spacing of 3.35 A. You will be happy to know that approximately three million layers
of stacked graphene sheets are present in a 1-mm-thick graphite crystal [2]. The
categorization of graphene has been made on the basis of electronic properties and
generally prefixed by ‘monolayer’, ‘bilayer’ or ‘few-layer’(generally excepted to be
<10 layers) graphene.
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Monolayer graphene generally exists without stacking of sheets, and 4-6 few-
layer graphene can have anumber of stacking arrangements, including ABAB (named
as Bernal stacking), ABCABC (called rhombohedral stacking) and sometimes AAA
stacking. In general, graphene is a planar structure of carbon atom arranged in
a hexagonal lattice and has been seen as a triangular lattice with a basis of two
atoms per unit cell (Fig. 5.1). The lattice vectors can be written as [10]:

a = %(3 J?) ay = ‘5’(3 —«/3) (5.1)

where a ~ 1.42 A is the C—C bond distance.
The reciprocal-lattice vectors are represented by

by = i—Z(l J?) by = i—Z(l —ﬁ) (5.2)

The two points K and K’ are at the corners of the graphene Brillouin zone, named
as Dirac points and positions in momentum space are represented by

K_(271 271) K,_(ZJT 271) (5.3)
361’ 3\/§a 3617 3\/§a )

The three nearest-neighbour vectors in real space are written as
a a
81=§<1,\/§) 52=5(1,—¢§) 5 =a(l, 0) (5.4)

with the six second nearest neighbours are located at

Fig. 5.1 a Triangular sublattice of graphene A having three nearest neighbours in sublattice and B
vice versa, b K and K’ as the Dirac points. Redrawn and reprinted with permission from [10]
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5.3 Synthesis of Graphene/Reduced Graphene Oxide

Since graphene was isolated using the scotch tape method [1], many processes have
been explored/demonstrated to produce few-to-single-layer graphene. The main con-
cern is to synthesize high carrier mobility and low defect density in graphene. Hence,
different synthesis approaches of continuous growth of few-layer graphene have been
explored such as exfoliation, chemical vapour deposition and wet chemical approach.
Few of them have been discussed here. Moreover, chemical vapour deposition gives
a great impact over thermal exfoliation due to the defect-free synthesis of graphene.
Wet chemical approach is another widely method of graphene production due to the
provisions of large-scale synthesis at a low cost.

5.3.1 Exfoliation Approach

5.3.1.1 Micromechanical Cleavage

A scotch tape method developed by Geim and Novoselov is known as ‘micromechan-
ical cleavage’, involves adhesive tape assisted peeling off a piece of graphite [11]. In
this method, the monolayer graphene has been produced with high structural quality.
In fact, this approach provides the best graphene structure in terms of high purity,
low defects and optoelectronic properties. Unfortunately, this method is not feasible
for large-scale production and hence limited to fundamental research applications
only. Micromechanical cleavage is schematically represented in Fig. 5.2.

5.3.1.2 Solution and Thermal Exfoliation

Separation of few layers of graphene from 3D layered bulk graphite gains tremen-
dous interest due to the increased electrical conductivity from 3D bulk scale to
the 2D nanoscale. Hence, different exfoliation approaches have been demonstrated
to produce graphene nanosheets. Initially, the mechanical exfoliation process uses
HOPG (highly oriented pyrolitic graphite) as a precursor, subjected to an oxygen
plasma etching to create 5-pm-deep mesas, and scotch tape was used to repeatedly
peel graphite flakes from the mesas [12]. In addition, exfoliation of wet chemi-
cally derived graphite layers is another route for separation of individual sheets of
graphene, mainly attractive for a large area sheet fabrication with a possible large
volume of production [13—15]. The most common disadvantage of wet techniques
is the formation of by-products, which contaminate the graphite layers. Hence, the
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Fig. 5.2 Schematic representation of micromechanical cleavage technique, a and b adhesive tape
is used to cleave the top few layers of bulk graphite, ¢ graphitic tape pressed on desired substrate,
d few layers remain on the substrate. Redrawn and reprinted with permission from [11]

development of a one-step procedure could yield in high per cent, cost-effective
and efficient large-scale monolayer graphene. Several organic solvents have been
studied so far to exfoliate graphene oxide (GO) assisted by thermal reduction as
schematically represented in Fig. 5.3.

The most common solvent used for the reduction in GO is propylene carbon-
ate (PC) due to excellent dispersion ability. This technique could lead to large-
scale production of graphene in an easy one-step procedure [16]. In particular, the
improvement of reduction in the presence of PC has been demonstrated employing
the increase of ultrasonication time. Moreover, a liquid-phase exfoliation has been
demonstrated to produce high quality and defect-free large-area graphene sheets upon
treatment with N-methyl-2-pyrrolidone (NMP) operating at ~800 °C [17]. Therefore,
thermal treatments have been heavily used as the next step following wet-processing
techniques for thin film preparation. In addition, microwave exfoliation has achieved
great interest for thermal treatment. Microwave irradiation is an effective and attrac-
tive method for graphene synthesis with controllable size and shape as compared to
conventional heating due to the homogeneous distribution of heat energy.
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Graphene nanosheets

Fig. 5.3 Intercalation or exfoliation process for synthesis of graphene nanosheets. Drawn based
on the concept taken from [15]

5.3.2 Chemical Vapour Deposition

Many methods have been reported for the production of graphene to date. Chemical
vapour deposition (CVD) and its variants with transition metal substrates retain a
great attention for large-area continuous film production and commercialization of
graphene [18, 19]. CVD technique deposits solid thin film through the vapour or
gases by chemical reactions on desire substrates. Figure 5.4 shows the schematic of
a tube-furnace CVD instrument for the growth of graphene on the desire substrate.
It is composed of a gas delivery system consisting of necessary valves, mass flow
controllers, pressure controller that regulate the flow rates of the gases and a gas
mixing unit, which is responsible for mixing of various gases uniformly before they
are subjected to the reactor, a reactor and gas removal system. During the synthesis
process, reactive gas species are fed into the reactor by the gas delivery system in
which the chemical reaction takes place. The heater helps to achieve high temperature,
and solid materials are uniformly deposited on the desire substrates.

The by-products of reaction and non-reacted gases are removed by the gas deliv-
ery system. Growth of graphene by CVD on polycrystalline metals such as Ir, Ni,
Pt, Pd, Rh, Cu and Co has been thoroughly studied and investigated [20]. CVD pro-
cesses have reported that graphene is obtained by nucleation of active carbon formed
by the decomposition of precursor materials on the metal surface. The metal sur-
face plays the role of an active catalyst material. Moreover, catalyst-free growth of
graphene on Si, W, Mo, SiO, and Al, O3 has also been demonstrated by ECR-CVD
and PECVD methods [21-24]. Furthermore, continuous defect-free graphene films at
low temperature have been reported by MPCVD [25, 26]. Graphene film growth over
polycrystalline Ni by CVD has primarily been performed at atmospheric pressure,
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Fig. 5.4 Schematic illustration of chemical vapour deposition set-up

yielding graphene continuous films [26-28]. In contrast, annealing of the polycrys-
talline nickel [29] and an increase in deposition temperature [30] strongly promote
the synthesis of large grain sizes of Ni (111) over Ni (100). Moreover, many reports
have been published so far on the effect on synthesis parameters such as growth
temperature, gas mixing ratio and growth time in the chemical vapour deposition
of acetylene/hydrogen. These are the deciding parameters for producing few-layer
graphene continuous film with minimal defects [26, 31].

In addition, the growth of few-layer graphene continuous film on nickel sur-
face has also been fabricated based on diffusion and segregation phenomena of
carbon from underlying amorphous carbon or nanodiamond films [32, 33]. Hence,
bilayer graphene films have been fabricated directly on self-assembled monolayers
(SAMs) or insulating substrates at low pressure [34]. In addition, few-layer continu-
ous graphene film on SiO,/Si from SAMs has been fabricated at atmospheric pressure
and transfer-free graphene growth with uniform thickness has been achieved [35].
Meanwhile, a uniform and low-defect bilayer graphene has been synthesized on
evaporated polycrystalline nickel films after exposing methane at 1000 °C with opti-
mized process parameters such as growth time, annealing profile and flow rates of
different gases. Raman mapping shows the ratio of 2D to G peak intensities (/2p/Ig)
is in the range of 0.9-1.6 over 96% of the 200 x 200 wm areas and the average ratio
of D to G peak intensity (Ip/lg) is about 0.1, confirms the bilayer formation [36].

Furthermore, the growth of graphene on several hexagonal surfaces has also been
studied. Hexagonal substrates are frequently referred for growth of graphene due to
the less lattice mismatch. Co (0001) and Ni (111) show less than 1% lattice mismatch
[37, 38]. In contrast, the lattice mismatch between graphene and Pt (111) [39], Pd
(111) [40], Ru (111) [41] and Ir (111) [42] is greater than 1%, and therefore, the
growth is incommensurate. Recently, graphene growth on relatively polycrystalline
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Ni [43, 44] and Cu [45] substrates has been triggered interest in fabrication and
optimizing CVD conditions for large-area deposition and transfer. Moreover, copper
has also been studied as a catalyst to grow several carbon allotropes such as graphite
[46], diamond [47] and carbon nanotubes [48, 49].

The growth of graphene on copper is due to the surface and independent of dif-
fusion from bulk. Based on earlier literature, a possible model for the nucleation
and three-stages of growth mechanism of graphene on copper can be suggested. As
the growth time is higher, the graphene domains increase. A facile technique for
the growth of graphene directly on substrates through a simple thermal annealing
process has been demonstrated [50]. Transparent graphene film has been prepared
successfully and transferred by using a roll-to-roll transfer technique with the help
of a thermal release tape as a support polymer. A large-area touch screen has been
prepared with the graphene so transferred over the substrate. The thermal adhesive
tape plays a key role in this transfer process of these very large-area graphene films
from copper to plastic substrate materials [51].

5.3.3 Graphene/Reduced Graphene Oxide from Graphene
Oxide

Large-scale production of graphene is a great challenge. One of the best cost-effective
methods for mass production of graphene is the reduction of graphene oxide (GO)
in the presence of a reducing agent. GO has been first prepared by Benjamin C.
Brodie by repeatedly treating the graphite with potassium chlorate in the presence
of nitric acid [52]. Later, the most commonly used and less hazardous method has
been proposed by Hummers and Offeman, which involves the oxidation of graphite
by treating graphite with a mixture of sulphuric acid, sodium nitrate and potassium
permanganate. This is the most popular chemical route of graphene/reduced GO syn-
thesis, nowadays. During oxidation of graphite, individual sheets of GO have been
designed with oxygen-containing functional groups such as carbonyl, hydroxyl and
epoxy on both sides of the plane as well as the edges [53]. Hence, GO exhibits nega-
tively charged features and electrostatically stabilized in water, alcohols and certain
organic solvents. The maximum lateral size of GO sheets is strongly dependent on the
size of initial graphite crystals used for graphite oxidation. Due to nonstoichiometric
composition, the determination of GO structure is a challenge and strongly depends
on the synthetic methods. Generally, oxygen is present on the basal plane of GO in
the form of hydroxyl, epoxy, carboxyl, carbonyl groups, etc. and is also located at
the planar edges as shown in Fig. 5.5. Hence, GO exhibits electrical insulation and
can produce homogeneous colloidal suspensions.

Therefore, to restore the electronic property of graphene, reduction (by chemical
or thermal route) is required to remove the oxygen functional groups as shown in
Fig. 5.6.
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OH COOH O

Fig. 5.5 Surface functional groups of graphene oxide. Redrawn and reprinted with permission
from [54]

oH cooH o OH

Chemical or thermal reduction

coon

Fig. 5.6 Schematic illustration of reduction in graphene oxide into graphene sheet. Redrawn and
reprinted with permission from [55]

5.3.3.1 Hazardous Approach of Graphene Oxide Reduction

During chemical reduction by reducing agent, the colour of GO dispersion (initially
light yellow) in water turns into blackish colour and strongly suggests the removal
of oxygen species. Generally, the chemical reduction in GO sheets has been per-
formed with different reducing agents. For examples, these are hydrazine (N;Hy)
[56], sodium borohydride (NaBHy) [57], hydriodic acid (HI) [58], hydroquinone
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[59], etc. However, the chemical reduction in GO has many drawbacks such as
chemical toxicity (these reducing agents not only toxic but also explosive in nature)
and therefore hazardous to our environment. Hence, less toxic reducing agents such
as metal nanoparticles [60], sulphuric acid (H,SO,) [61], sodium hypophosphite
(Na3zPO,) [62], bismuth ferrite (BiFeO3) [63], aluminium iodide (All3) [64] and
phenolic acids have been studied as alternatives. However, such reducing agents
imprint some amount of damaging chemical traces on the graphene surface and
are not suitable enough for bio-related applciations. Hence, the green approach of
reduction comes into play.

5.3.3.2 Green Approach of Graphene Oxide Reduction

Developments and optimizations have been explored to reduce GO by eco-friendly
techniques [65-67]. For example, Cote et al. have used a chemical-free room-
temperature flash reduction process for the reduction in GO by photothermal heating
using photographic camera flash [68]. Flash irradiation triggers the deoxygenation
reaction of GO and rapidly creates a fused polymer composite. They have prepared
composite patterns such as interdigitated electrode arrays by using photomask on
flexible substrates [68]. Ghadim et al. have used nanosecond pulsed laser (having
wavelength of 532 nm and average power of 0.3 W) for the effective and environment-
friendly reduction in GO sheets in ammonia solution (pH ~ 9) at room temperature
[69]. Based on X-ray photoelectron spectroscopy (XPS) analysis, the O/C ratio of
the GO sheets decreases from 49 to 21% after 10 min of laser irradiation. These
results help further promotion and application of pulsed lasers for the reduction in
GO in environment-friendly way [69]. In addition, Zhou et al. have reported a sim-
ple, clean and controlled hydrothermal dehydration route to convert GO to a stable
graphene solution [70]. Compared to chemical reduction processes using hydrazine,
the present ‘water-only’ route has the combined advantages of removing oxygen-
containing functional groups from GO and fixing the aromatic structures for tun-
able optical limiting performance [70]. Moreover, Ai et al. have adopted a simplistic
and efficient way for the preparation of soluble reduced graphene oxide (rGO) sheets
[71]. In this process, reduction in GO has been done by reducing agent, dimethyl-
formamide (DMF). The as-prepared rGO sheets exhibit a high reduction level, good
conductivity, and are well dispersed in many solvents. Synthesized rGO sheets show
potential applications in the construction of high-performance graphene-based NO
gas sensing devices [71]. Xu et al. have adopted a simple approach for the preparation
of graphene—metal particle nanocomposites in a water—ethylene glycol system [72].
GO is used as a precursor and metal nanoparticles (Au, Pt and Pd) as building blocks.
The nanoparticles adsorb on GO sheets and play a vital role in catalytic reduction
in GO. Cyclic voltammogram analyses have indicated its potential application in
direct methanol fuel cells [72]. Consequently, Akhavan et al. have synthesized GO
platelets by using a chemical exfoliation method to deposit anatase TiO, thin films
[73]. Post-annealing of the GO/TiO, thin films at 400 °C in air partially produces
Ti—C bond between the platelets. The annealed GO/TiO, thin films are immersed in
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ethanol, and photocatalytic reduction has commenced. After 4 h of photocatalytic
reduction, the concentration of the C=0 bond has been reduced to 85%, indicating
the effective reduction in the GO platelets to graphene nanosheets. The GO/TiO, thin
film has been utilized as nanocomposite photocatalysts for the degradation of E. coli
in an aqueous solution under solar light irradiation [73]. Consequently, biological
approaches have been used to synthesized rGO from GO. For example, vitamin C
[74], sugar [75], glucose [76], bovine serum albumin [77], melatonin [78], green
tea [79], ginseng [80], curcumin [81], bacteria [82] and bacteriorhodopsin [83] have
been explored in the literature. Hence, green methodologies are promising for the
reduction in GO with a minimized environmental impact.

5.4 Properties of Graphene

5.4.1 Electronic Properties

Graphene has excellent structural flexibility that is well reflected in electrical proper-
ties of it [84]. The sp? hybridization between s and p orbitals generates a trigonal pla-
nar structure leading to the formation of a o bond between the carbon atoms separated
by 1.42 A. The o bands in graphene provide the structural robustness in graphene.
These bands retain a filled shell and form deep valence bands. The p orbitals, which
are unaffected, remain perpendicular to the planar structure. This helps in the for-
mation of covalent bonds with the neighbouring carbon atoms generating 1 bands.
The p orbitals have one extra electron showing the half-filled configuration. The half-
filled configuration plays a crucial role in determining the physics behind the system.
The tight-binding character in graphene leads to large Coulomb energies, which in
turn show strong collective effects such as magnetism and insulating behavior as a
result of correlation gaps [85]. Linus Pauling proposes that the electronic properties
of graphene are on the basis of resonant valence bond (RVB) structure. However,
this theoretical understanding of electronic properties of graphene if compared with
the band structure of graphene, it is found to play a role of a semimetal with Dirac
electrons. Here, it is worthy to mention, most of the current experimental studies on
the electronic properties of graphene are based on its band structure. However, the
electron—electron interaction in graphene is a matter of intense research.

The energy dispersion of graphene was formulated, and tight-binding Hamilto-
nian was described to explain electrons in graphene [86]. By using tight-binding
Hamiltonian, the energy dispersion relation has been represented as [87]:

/ 3k, ky k,
Ei(kx, ky) =dyn/l1+ 40059005% + 40052}7a (5.6)
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where y is the first-neighbour m-orbitals energy (2.9 — 3.1 eV), a ~ 1.42 A is the
lattice constant and k = (kx, ky) vectors denote the first Brillouin zone electronic
momenta.

This energy dispersion will have six points, where the conduction and valence
band touch each other called Dirac points. The ballistic transport at this point with a
mean free path of 300-500 nm takes place as shown in Fig. 5.7. This makes graphene
a semi-metal. The linear dispersion near the Dirac points will then be:

E+(K) = +hvplk| (5.7)

Here, h is the reduced Planck constant and v is the Fermi velocity (~10° m/s)
[10, 87].

Mobility of graphene has been reported between 2000 and 20,000 cm? V!
on different substrates at low temperatures and carrier concentrations in the order
of 10'2 cm~2 [89]. Moreover, the suspended single-layer graphene shows mobility
over 200,000 cm? V ~! s7! at electron densities of ~2 x 10'' cm™2. This result is
found when single-layer graphene suspension (~150 nm) has been deposited over a
Si/Si0, gate electrode by electron beam lithography. Significant enhancement in the
mobility has been achieved and widths of the characteristic Dirac peaks have been
reduced by a factor of 10 compared to non-suspended devices [90]. Meanwhile, the
Drude model assumes that the conductivity of graphene is in the range from 0.0032
to 0.00032 S in unsuspended graphene and the order of 0.0032 § for suspended
graphene. The theoretical value of minimal conductivity is in the order of e*/h.
However, in practice, the minimal conductivity has been achieved 7 times larger
than the value of e?/h [1, 91].

(a)

Fermi level

A (n-type
doping)

Dirac nointx
k,_

Fermi level

- (p-type
D) doping)

Fig.5.7 a Graphene band structure as two cones touching at Dirac point. Reprinted with permission
from [10] and b the position of the Fermi level determining nature of doping and transport carrier
(redrawn and reprinted with permission from [88])
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5.4.2 Optical Properties

Monolayer graphene has shown 97.7% of light transmittance [92]. The absorption of
the graphene depends on the fine-structure constant (o) and increases linearly with
the number of layers of graphene stacked together (experimentally demonstrated up
to five layers). Fresnel equation has been applied with a universal optical conductance
(Go = e%/4h ~ 6.08 x 107> Q1) to give the absorbance of freestanding monolayer
graphene [87]:

T=(0405r0)?~l-ma~97.7% (5.8)

where (= e?/(4meghc) = Go/(weoe) ~ 1/137) is fine-structure ~constant.
Graphene reflects <0.1% of the incident light in the visible region, rising to
~2% for ten layers. Hence, we can take the optical absorption of graphene to be
proportional to the number of layers, each absorbing A ~ 1 — T = na ~ 2.3%
over the visible spectrum. The absorption spectrum of monolayer graphene gives
a peak at 270 nm in the ultraviolet region due to the exciton-shifted Van Hove
singularity in the graphene density of states. In few-layered graphene, interband
transitions at lower energies can be seen. Figure 5.8 gives an overview of different
transparent conductors including single-walled carbon nanotubes (SWNTs), ITO,
ZnO/Ag/ZnO and TiO,/Ag/TiO; and graphene with their transmittance. It is evident
that the transmittance for SWNTs ~ 70-80%, ITO ~ 70-90%, ZnO/Ag/ZnO ~ 90%,
TiO,/Ag/TiO; ~ 60-70% and for graphene ~ 95% have been achieved. Among
these transparent conductors, graphene has higher transmittance over a wider range
of wavelengths [87].

The optical transition in graphene has been measured by infrared spectroscopy,
and the study reveals that the optical transition is gate dependent [93]. Near the Dirac
point of a graphene sheet, the density of states remain low. Hence, a change of Fermi
level owing to gate leads to variation in charge density to a great extent followed by

Fig. 5.8 Transmittance of
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modified transition characteristics. The process of relaxation and recombination of
electron and hole pairs in graphene have been governed by the carrier concentration
and are noticed on a timescale of tens of picoseconds [94, 95]. Graphene can be
extensively used in high-speed optoelectronics due to the remarkable carrier transport
velocity under electric filed [96].

5.4.3 Thermal Properties

Heat removal in the electronic industry has become a crucial issue. Therefore, a
rapid growth of interest has been seen in the thermal properties of material by the
scientific communities around the globe. A variety of carbon allotropes having dif-
ferent thermal conductivity have been studied and occupy a unique place in particular
applications. Thermal conductivity of different carbon materials has been found from
0.01 W m~! K=! in amorphous carbon to above 2000 W m~! K~! in diamond at
room temperature or one-atom-thick 2D graphene as shown in Fig. 5.9 [97]. An
interesting fact can be noticed by evaluating the thermal conductivities of few lay-
ers of graphene as a function of layer thickness or number of atomic planes. Here,
the transport phenomena are restricted by two properties, one intrinsic and other
extrinsic. The extrinsic properties of few-layer graphene are dependent on the defect
scattering. The increase in the atomic plane of graphene leads to a major change in

1 WmK? 1,000 W mK? 2,300 W mK?
+  Polycrystalline Shialescratal ' 3000 W mK"!
1 . i | 1 1
; diamond: sp i i S ¢ Sp3 . i
] 1 1 1
' UNCD UCD MCD: 3D : ' CNT: sp?
1 Grain size decrease Purity increase 1 v quasi-1D
I < 1 | 1
1 1 1 1
. , >
: : [%LC:3 : ! Cross-plane In-plane E Intrinsic graphene: s,o2
! —
' /v | . Graphite: sp? : 2D
. [ . .
oo Density : : : -3D —. ' Layer size (L) increase A
1 ]
r v 10 WmK? ; Qua.lly!nqease an ' Theoretical intrinsic
! 1 grain size increase '
" 4 1 ] K~ ll'la.)
¢ 01 WmK : Extrinsic graphene !
“Amorphous P '
1 carbon 100 V\; mk! Interface or edge i

0.01 WmK™ scattering increase 2,000 W mK”'

Fig.5.9 Thermal conductivity of carbon allotropes and their derivatives. Reprinted with permission
from [97]
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phonon dispersion, and more and more phase space is obtainable for scattering to
proceed. Hence, the scattering of phonon from top to bottom boundaries has been
restricted if the constant number of atomic planes is maintained over the entire length
of graphene layer [98].

The thermal conductivity of graphene has been measured first using Raman
optothermal techniques in non-contact mode [5, 97]. The measurements are car-
ried out with suspended graphene layers obtained by exfoliation of bulk graphite.
This method of determination is essential to obtain the thermal conductivity of atomi-
cally thin graphene. Results report that thermal conductivity may exceed 3000 W m~!
K~! at room temperature for larges flakes of graphene [98]. The thermal conductivity
values of graphene are reported to be better than bulk graphite in this study. The room-
temperature thermal conductivity of CNTs has been found 3000-3500 W m~! K1,
The suspended single-layer graphene has shown thermal conductivity in the range of
4.84 4+ 0.44 x 10% t05.30 + 0.48 x 10° W m~! K~! [99]. The thermal conductivity
of non-doped graphene is not very much dependant on electronic contribution due
to low carrier concentration. The thermal conductivity, in this case, is governed by
phonon transport specifically termed as diffusive and ballistic conduction at high and
low temperatures, respectively [100]. Molecular dynamic simulation study reveals
the relation as k o 1/T for pure graphene >100 K. At room temperature, 6000 W m™!
K~! has been predicted, which is quite high compared to graphitic carbon under
the same condition [101]. In another work, the thermal conductivity of single-layer
graphene flakes obtained by exfoliation is calculated to be around 5000 W m~! K~!
[102]. Graphene is suspended in a channel, and laser beam is focused from the cen-
ter to support. The loss of heat through the air is nominal compared to the conduction
of heat in graphene [103]. In this study, the frequency of Raman G peak is calculated
in terms of laser excitation power. The thermal conductivity of the graphene has been
evaluated from the slope of the trend line. These values are remarkably good and
suggest that graphene is a very good material from a thermal point of view. Thermal
conductivity of graphene can be tuned to a wide range by the introduction of disorder
or edge roughness into the honeycomb lattice. Hence, the excellent heat-conduction
properties of graphene make it a promising candidate for all proposed electronic and
photonic applications.

5.4.4 Mechanical Properties

Inherent strength makes graphene so special. It is not only extraordinary strong (E =
1.0 TPa) but also light in weight (0.77 mg m~2) [1]. The elastic properties and intrinsic
breaking strength of monolayer graphene have been measured by nanoindentation
in an atomic force microscope. Using an atomic force microscope, effective spring
constants have been measured for stacks of graphene sheets (less than 5 with sheets
of thicknesses between 2 and 8 nm) suspended over photolithographically defined
trenches in SiO; (schematically shown in Fig. 5.10). Graphene shows nonlinear
elastic stress-strain response, yields second-order elastic stiffness of 340 N m~!
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Fig. 5.10 Schematic illustration of AFM tip pushing down a suspended graphene sheet. Redrawn
and reprinted with permission from [104]

and third-order elastic stiffness of 690 N m~!. In addition, the breaking strength is
found 42 N m~! and Young’s modulus of E = 1.0 TPa. These experiments establish
graphene as the strongest material ever measured [104].

The mechanical properties of single-layer graphene have been studied by numer-
ical simulations, i.e. molecular dynamics [105-107]. AFM has also been used for
a circular membrane of few-layer graphene by force—volume measurements [108].
Determination of mechanical properties of graphene by AFM studies is commonly
carried out by indentation method [109]. A mean elastic modulus of 0.25 TPa has
been reported in this measurement for chemically modified graphene. Study also
remains, where the mechanical properties of graphene oxide platelets have been
determined by fabricating paper-like material [110]. The results report a fracture
strength and elastic modulus of <120 MPa and <32 GPa, respectively. The improve-
ment in mechanical performance of these paper-like materials has been evidenced
due to the chemical crosslinking between individual platelets with divalent ions and
polyallylamine [111, 112].

The excellent mechanical properties of graphene broaden up its application both
as individual and reinforcing materials for the preparation of composites. The excep-
tionally good mechanical properties of graphene are due to the stable sp? bonds that
face the in-plane deformations. Nicholl et al. demonstrate a non-contact experimen-
tal approach using interferometric profilometry [113, 114]. In this approach, both
CVD and exfoliated graphene have been subjected to pressurize by electrostatic way
through the application of a voltage between the membrane and gating chip. The
study reveals that graphene exhibits in-plane stiffness of 20-100 N m~! at room
temperature and has been softened considerably due to the out-of-plane crumpling
effect. The defect-free single layer of graphene is considered to be the strongest
material since others have studied the intrinsic strength of graphene membrane of
42 N m~!, which equates to 130 GPa [7]. The effect of defects in graphene on intrin-
sic strength and stiffness has also been explored [114, 115]. In this study, the defects
are introduced by modified plasma methods with AFM nanoindentation technique to
subsequently measure the stiffness and strength of defective graphene. The defects
are of sp® type and vacancy dominated determined from Ip/Ipg ratio of Raman peaks.
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Fig. 5.11 Strain-strain 3
curves for cracked graphene

at different crack sizes; #3: 45
518 nm and #5: 1256 nm.
Reprinted with permission
from [117]
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The quantification of defects is also done based on Raman studies by considering
the ratio of Ip/lg and I,p/Ig ratios.

Interlayer shear mechanical properties of a multilayer graphene in wrinkled form
have been predicted by simulation [116]. Results show that the mechanical properties
of the wrinkled graphene have been improved compared to flat counterpart due to
favourable geometrical locking. Graphene layers of different aspect ratios have been
chosen. The shape of the wrinkled sheet remains unaltered when the aspect ratio is
0.77, and however, a change in the interlayer distance has been evidenced. The
geometrical locking in the structure prevents the flipping over the deformation, and
hence, the separation between two layers of the graphene takes place, which leads to
achange in its interlayer distance. The wrinkled graphene is expected to reach tensile
strength of 12 GPa due to interlayer shear modulus and strength. Determination of
fracture toughness is another important mechanical properties of graphene that is
relevant to engineering application. An in situ micromechanical testing device has
been developed by Zhang et al. [117]. The fracture toughness of graphene synthesized
in CVD mode has been determined by using a nanoindenter clubbed with scanning
electron microscopy. A central crack has been induced using the focused ion beam,
and brittle fracture has been noticed once the load is applied. The fracture stress is
found to be increased with crack length. The critical strain release rate attained in
this study is 15.9 J m~2, and a fracture toughness of about 4 MPa has been reported.
Figure 5.11 displays the engineering stress—strain curves for cracked graphene for
crack sizes of 518 and 1256 nm.

5.5 Doping of Hetero-atoms into Graphene Lattice

Chemical doping is an efficient process, which provides the opportunity to tailor
the electronic, chemical, optical and magnetic properties of materials [118, 119].
Graphene doped with different atoms (i.e. boron (B), nitrogen (N), sulphur (S), sil-
icon (Si), etc.) results change in electronic properties and chemical reactivity of
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honeycomb lattice [120—123]. In particular, N-doping in graphene lattice produces
additional n-type carriers for applications in high-frequency semiconductor devices
and also enhances catalysis for energy conversion and storage [124—-126]. In addition,
N-doping shows biocompatibility and therefore is favourable for biosensing appli-
cations [127-129]. Recently, the highly crystalline monolayer N-doped graphene
nanosheets have been synthesized and composed of two quasi-adjacent substitutional
nitrogen atoms within the same graphene sub-lattice (N‘;A) with improved Raman
scattering [ 130]. In addition, magnetic properties for foreign atoms such as B-atoms,
S-atoms and F-atoms have been studied. Especially, B-doped graphene with strong
electron-withdrawing capability has been studied, which gives a catalyst-free thermal
annealing approach in the presence of boron oxide for oxygen reduction in fuel cell
application [131]. B-atoms of ~3.2 at.% have been successfully doped into graphene
lattice [131]. Furthermore, S-doped graphene has been studied by magnesiothermic
reduction in easily available, low-cost, non-toxic CO, (obtained from Na,CO3; and
Na,;S04) as carbon and sulphur sources for the synthesis of efficient metal-free elec-
trocatalysts for oxygen reduction reaction (ORR). The S-doped graphene exhibits
high activity for ORR with a four-electron pathway having superior durability and
tolerance to methanol crossover to 40% [132].

5.6 Applications

The area of application of graphene is broad and diverse in true sense. Graphene
grabs different field of application in recent years due to the promising properties as
discussed earlier. In the field of medicine, graphene has been extensively researched
by scientists and shows its potential in drug delivery, tissue engineering, bio-imaging,
biomicrobiotics, etc. Graphene extends its applicability in modern energy devices
both in the field of generation and storage [133]. Graphene is suitable to be used as
transistors, transparent conducting electrodes, spintronics, conductive ink, quantum
dots, electronic devices and many more due to amazing electronic properties [134].
Graphene has also been used as lubricants, structural materials, waterproof coating,
catalysts, metamaterials, plasmonics and many more indicating its capability to be
suitable in the wide area of applications. The unique band structure of graphene
makes the charge carrier bipolar in nature that can be effectively tuned by the appli-
cation of electric field [12]. Hence, graphene has been successfully investigated by
various research groups as field-effect transistors [91, 135]. The field-effect mobility
of graphene is about an order of magnitude higher than silicon. Monolayer graphene
is an excellent material to detect different gases and biomolecules and has been
studied extensively as sensors [136—139]. The charge transfer between graphene
and adsorbed molecules is accountable for chemical response. When a molecule
gets adsorbed on the surface of graphene, the location experiences a charge trans-
fer. This leads to a change in Fermi level and electronic resistance of graphene.
Graphene and graphene-based fillers have been widely used for the preparation of
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polymer nanocomposites for possible use in wide application areas [140—142]. Poly-
mer matrices of interest for the preparation of polymer nanocomposites with graphene
are polystyrene, polyvinyl alcohol, polyester, epoxy, polycarbonate, polypropylene
and many more [143-147].

5.7 Concluding Remarks

Graphene is a unique material in true sense. It is a material of choice for the modern
day, a truly two-dimensional carbon material. Graphene has rare electronic excita-
tion that moves in a curved space and interesting combinations of semiconductor
and metal with the additional benefit of properties of a soft material. Graphene has
different properties than conventional metal and semiconductors due to unusual elec-
tronic properties. The electron therein is undisturbed by the presence of disorder with
a very long mean free path. Graphene has a robust but flexible structural arrange-
ment. The properties of a graphene sheet can be modified by changing the number
of layers, controlling the geometry, chemical doping and application of electric and
magnetic field, etc. This chapter discusses the structure, synthesis and properties
of graphene/reduced graphene oxide in detail. Graphene owing to its unique prop-
erties is found applications in different fields from chemical sensors to transistors.
The application window of this material can be widened by chemical or structural
modification of graphene to alter its functionality. Moreover, graphene can be eas-
ily synthesized from graphite, which is quite abundant on earth. This extends the
availability of raw material for graphene synthesis for extensive research in this
field.
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