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ABSTRACT

Graphene, the name is given to the two-dimensional sheet of sp*hybrid-
ized carbon. Its extended honeycomb network isthe basic building block
of other important carbon alotropes; it can be stacked to form 3D graph-
ite, rolledto form 1D carbon nanotubes, and wrapped to form OD fullerenes.
Therefore, graphene is called the mother of all graphitic carbon based
nanomaterials. This review article summarizes the various aspects of
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graphene which includes synthesis, some of its amazing properties and
its various applications ranging from sensors to energy storage devices.
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INTRODUCTION

Sincethediscovery of fullerene (C, ) in 1985 by
Smalley and his co-workers, several novel carbon
nanomaterials havebeenisolated”. In 1991, carbon
nanotube (CNT) was discovered by lijima3, while
graphene, atwo dimensional form of graphitewasiso-
lated in 2004 by Geim and Novosel ov of Manchester
University, United Kingdom®. Graphene hasbecome
anew super-materia dueto itsunigque physica prop-
erties. This new kind of two dimensiona carbon
nanostructure has attracted tremendous attention both
from fundamenta and applied research point of view in
physics, chemistry aswell asmaterialsscience. It has
high specific surfacearea, high chemica stability, high
optical transmittance, high elasticity, high porosity,
biocompatibility, tunable band gap and ease of chemi-
ca functionaization which actualy helpsintuningits
properties*®l. Graphene exhibitsmany exciting prop-
erties such ashalf-integer room-temperature quantum

Hall effect!®, long-rangeballistic trangport with dmost
tentimesgreater el ectron mobility than of silicon (S)),
availability of charge carriersthat behave asmassless
relativigtic quasi particle (Dirac fermions)l” and quan-
tum confinement giving risetofinite band gap and Cou-
lomb blockadeeffect. TABLE 1illustratessomeof the
amazing physica propertiesof graphene.

Grapheneisaflat single sheet from graphite, has
theided two-dimensiond (2D) structurewithamono-
layer of carbon atoms packed into ahoneycomb crys-
tal plane. Grapheneis considered asthe fundamental
building block for grgphitic materia sof dl other dimen-
sions. It can bewrapped up into zero dimensiona (0D)
fullerenes, rolled into one dimensiona (1D) nanotubes
and gackedintothreedimensiond (3D) graphite. There-
fore, grapheneiscalled themother of al graphitic car-
bon based nanomeaterials.

Thediscovery of grapheneor two-dimensiond (2D)
form of graphitein early 2000 hasquickly grabbed the
attention of physicistsand engineers, who hopethat it
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might competewith siliconto bethemateria of choice
for certain gpplicationsin eectronicsinthe near future.
Grapheneexhibitsamazing physicad and dectronic prop-
erties. Theoutstanding €l ectronic property iscrucid for
many deviceapplicationsanditisexpected that graphene
could eventudly replace silicon (Si) asthe substance
for computer chips, offering the prospect of ultra-fast
computers/quantum computersoperating at terahertz
Speeds.

Graphenewasexperimentally discovered acciden-
tally and unexpectedly by Geim and Novoselov of
Manchester University in United Kingdomintheyear
2004, They were awarded Nobel prizein physicsin
theyear 2010 for their ground breaking experiment on
the discovery of graphene. Mechanically exfoliated
sngle-layer graphenewasdevel oped using atechnique
cdled micromechanicd deavage Typicdly, acellophane
tapeisusedto ped off graphenelayersfrom agraphite
flake, followed by pressing thetape against asubstrate.
Upon removing thetape, asingle sheet of grapheneis
obtained. Thisisalso called “Scotch tape” or “Peel-
off” method.

Theaim of this paper isto provide updated over-
view of graphenein terms of synthesis, some of the
amazing propertiesand applications. Dueto the space
limitations, acompletereview of al recent work onthis
important nanomaterid isnot possible. However, only
afew representative examples have been summarized.
Inthiscomprehensivereview article, specid attention
has been paid on the potential use of grapheneasen-
ergy storage devices such as hydrogen storage and

supercapacitors.

SYNTHESISOF GRAPHENE

Though in 2004, Novoselov and Geim extracted
graphene by micromechanical cleavage of highly ori-
ented pyrolytic graphite (Scotch-tape method) insmall
yield, the next seven to e ght yearshave witnessed sev-
eral different methodsfor the production of graphene.
However, thelow throughput of themechanical exfo-
liation method largely limitsits applicationsfor mass
production. Therefore, dternativemethodsinvolvinga
highyield of graphenearehighly desirable.

Thevariousmethodswhich havebeenreportedin
theliterature so far to synthesi ze graphene sheetsin-
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cludemicromechanical cleavage of graphite®, unzip-
ping of carbon nanotubes®?, chemical exfoliation of
graphite!?, solvotherma synthesi S, epitaxia growth
onsilicon carbide(SC) surfacesand meta surfaced>%3,
chemical vapour deposition (CVD) of hydrocarbons
on metal surfaces'¥, bottom-up organic synthesi §*°
and the reduction of graphene oxide obtained from
graphiteoxide by avariety of reducing agentg¢. The
last mentioned protocol yields only chemically modi-
fied graphene.

The chemical method isconsidered asascalable
approach to obtaingrapheneat alarge scaleduetoits
simplicity, reliability and exceptionally low cost. This
method has been used widdly to synthesizechemicadly
derived graphene. Graphiteisfirst oxidizedto graphite
oxideusing ether the Hummersmethod®! or themodi-
fied Hummers method? in the presence of strong ac-
idsand oxidants. Graphite oxide can bereadily exfoli-
ated as individual graphene oxide (GO) sheets by
ultrasonication in water. GO, an oxidized form of
graphene is decorated by hydroxyl and epoxy func-
tional groups on the hexagonal network of carbon at-
omswith carboxyl groupsat the edges. GO ishighly
hydrophilic and forms stable agueous colloidsdue to
presence of large number of oxygen-containing func-
tional groupsand el ectrostatic repulsions. It iselectri-
caly insulating and can be convertedinto conducting
graphene by chemical reduction process. Therehave
been reportsintheliterature on thereductionof GOin
solution phasesusing different reducing agentssuch as
hydrazine, dimethylhydrazine, hydroquinone,
ethyleneglycol, sodiumborohydride, lithium borohydride
and inthe vapour phase using hydrazine/hydrogen or
just by thermal annealing. Therefore, GO isan excel-
lent precursor to synthesize graphene nanoshests.

The following scheme shows the synthesis of
graphene by chemica method.

TABLE 2illustratesthe various synthetic protocols
employed for the synthesisof graphene.

Graphite » Graphite oxide
chemical oxidation by Hummer s/modified-Hummer s method

Graphite oxide » Graphene oxide (GO)
ultrasonication in water/or ganic solvents

GO ——— > chemically derived Graphene (G)
reduction by reducing agent like hydrazine
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TABLE 1: Someof theamazing propertiesof grapheme.

Some basic properties Graphene
Young’s modulus ~ 1100 GPa
Therma Conductivity ~ 5000 Wm*K™*
Mobility of charge carrier 2x10°cm?Vvts?
Specific Surface area 2630 m’g*

TABLE 2: Variousmethodsemployed for the synthesis of
grapheme.

Synthetic protocol Yield
Micromechanica cleavage (Scotch-tape method) low
?r;]é(lzﬁgn:]galc}faﬁ?jr goelt??ozgﬁfal unzipping) moderate
e e roderse
Solvothermd synthesis moderate
Bottom-up organic synthesis high
Liquid-phase exfoliation of graphite high
Chemical vapour deposition (CVD) high
Thermal decomposition of SIC high
Chemical rtlaductilon of graphene OXi dg obtained high
from graphite oxide by various reducing agents
Microwave, laser, plasmas, sqnochemigal, moderate
hydrothermal and photochemical techniques
Electrochemical method high

SOME OFTHEAMAZING PROPERTIES
OF GRAPHENE

Theamazing properties of graphene hasbeen ex-
plored for versatileapplicationsranging fromelectronic
devicesto eectrode materials. It exhibitsoutstanding
electronic properties, permitting electricity to flow rap-
idly through the materias. Infact, it hasbeen shown
that € ectronsin graphene behave asmasd essparticles
smilar to photons, zipping acrossagraphenel ayer with-
out scattering. Thisoutstanding electronic property is
crucia for many device gpplications.

Graphene a so exhibitsoutstanding optical prop-
erty with high optical transmittance. Theopticd trans-
missionthroughthegraphenesurfaceinthevisiblerange
ismorethan 95 %. Thisone-atomthick crystal canbe
seenwith naked eye. Therefore, graphenehastheided
optica property of high optica transmissiontobeused
as transparent electrodes in liquid-crystal displays
(LCDs) as areplacement of indium-tin oxide (ITO)
coated el ectrodes.

Graphene’s unique properties arise from the col-
lectivebehaviour of eectrons. Theinteraction between
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el ectronsand the honeycomb | atticein graphene cauises
thedectronsto behaveasmasdessreaivigtic particles.
Dueto thisreason, the el ectronsin graphene are gov-
erned by the Dirac equation, the quantum mechanical
description of electronsmovingrelativisticaly. There-
fore, theseelectronsin graphenearecalled Dirac fer-
miong”. The relativistic behaviour of eectronsin
graphenewasfirgt predictedin 1947 by Canadian phys-
cist Philip Wallace, long before the isolation of
graphene?, We are already accustomed with mass-
lessDiracfermionsin neutrinosin high-energy particle
physics. However, neutrinos have no e ectric charge
and do not interact strongly with any kind of matter. In
contrast, the Dirac fermionsin graphenecarry oneunit
of electric chargeand caninteract strongly with elec-
tromagnetic field. The manipulation of electronsin
grapheneusing e ectromagnetic fieldsmay alow usto
go beyond thelimitsof silicon semiconductor technol -
ogy.

Electronsin graphenemovewith an effective speed
of light 300 timeslessthanthe speed of light in vacuum,
alowing reativistic effectsto be observed™.

Thedectronsin graphene cantravel long distances
with scattering, making it theided materia for thefab-
rication of fast €l ectronic components.

Gragphenedso exhibitsunusud “half-integer” quan-
tum Hall effect (QHE), which distinguishesitself from
anordinary metal and semiconductor'®. Intheorigina
Hall effect, acurrent flowing dong thesurfaceof ametd
inthe presenceof atransverse magneticfield causesa
potential drop. Theratio of potential drop to the cur-
rent flowingiscalled theHall resistivity, whichisdi-
rectly proportional to theapplied magneticfield. Ina
2D electron gas, theHdl res gtivity becomes quantized
at atemperature closeto absolute zero. Thisiscaled
QHE. TheHdl resigtivity isrepresented by h/ne?, where
hisPlanck’s constant, e is the electric charge andnis a
positiveinteger. In case of graphene, QHE arisesdue
to quantum-mechanical effect called aBerry’s phase
andtheHall resstivity should be quantized in terms of
odd integersonly. QHE isobserved at room tempera-
turein caseof graphene, whereasitisonly observedin
ordinary metd at very low temperature.

Graphene hasthe property of fluorescence quench-
ing?4. It hastheability to quench thefluorescenceemit-
ted by aromatic mol ecules. Thefluorescence quench-
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ing of grapheneisassociated with photo-induced el ec-
trontransfer.

APPLICATIONSOFGRAPHENE

Itisexpected that the remarkabl e & ectronic prop-
erty of graphenewill bringanew erain nanoe ectronics.
Despite the high expectation about graphene-based
eectronics, ‘graphenium’ microprocessors are unlikely
to appear for the next few years. However, many other
graphene-based applicationsarelikely to beutilized.

Themost direct application for grapheneis prob-
ably itsusein compositematerias. Indeed, it hasbeen
demonstrated that by spreading a small amount of
graphenethroughout polymers, tough lightweight ma-
teriascan bedesigned. The compositesconduct €l ec-
tricity and can withstland much higher temperaturesthan
the polymers. Recently, amechanica engineering pro-
fessor at Northwestern University, USA synthesized
graphene-based polymer composite materias. These
graphene based polymer compositescould beided to
makelightwel ght gasolinetanksand plastic containers.
Thesecompositescan bepotentialy used to makelighter,
morefue-efficient aircraft and car parts, stronger wind
turbines, medical implantsand sportsequipments.

Another option isthe use of graphene powder in
electric batteriesthat are already one of themain mar-
ketsfor graphite. A high surface-to-volumeratio and
high conductivity provided by graphene powder can
lead toimprovementsintheoverall efficiency of batter-
ies, taking over from the carbon nanofibres used in
modern batteries.

High conductivity and high optical transparency
makesgraphenesuitabl efor fabricating transparent con-
ducting coatingin LCDsand solar cells. Recently, re-
searchersfrom Koreaand USA deve oped ultraviolate
(UV) nitridelight-emitting diodewhich usesafew layer
of graphene asatransparent conducting layer.

Graphenehasextremdy high specific surfacearea
and high porosity, making them ideal for adsorption of
different gases such ashydrogen (H,), methane (CH,)
and carbon dioxide (CO,). Graphene can be anidedl
materid for hydrogen storageowingtothelight weight,
high surfaceareaand chemica stability. Hydrogen can
be chemically stored in graphene by physisorption or
chemisorption. However, practically it exhibitsalow
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hydrogen storage capacity a ambient temperaturesand
moderate pressures. For example, a single-layer
graphene was shown to store 0.4 wt% hydrogen at
100 kPa pressure and cryogenic temperature. There-
fore, chemica modification of carbon supportsby meta
or meta oxide nanoparticlesisessentia to enhancethe
hydrogen uptake efficiency. Pd has strong affinity to-
wards hydrogen adsorption. The role of Pd
nanoparticles on graphene can be enhanced by three
timesunder moderatetemperatureand pressure. There-
fore, graphene and its nanocomposites have a great
potentia in hydrogen storage, which can beemployed
infuel cell technology withthefuel cell serving asthe
fuel source. Recently, Dhathathreyan et a . have uti-
lized thefunctiondized graphene sheetsascatdyst sup-
port for the proton exchange membranefud cells. C.
N. R. Rao and hisgroup studied the chemical storage
of hydrogeninfew layer graphend?,

Theextraordinary mechanical, optical and electri-
ca propertiesof graphene havebeen exploited by many
scientiststo devel op actuators. Park et al. designed a
bilayer paper composed of adjacent graphene oxide
and multi-walled carbon nanotube layersand demon-
strated a macroscopic graphene-based actuators?”.
Recently, Wu et a. developed a remote-controlled
transparent, large areagraphene based robot!?®. This
graphene based actuator can curl and uncurl intheab-
senceand presence of infrared (IR) radiation?, This
remote-controlled based robot picks up any object,
movesit to adesired location and dropsit by there-
mote control of IR radiation. Thisisundoubtedly an
elegant demonstration of photothermal energy trans-
formation by graphene based actuators.

Current research and development on electro-
chemica power sourcesaremainly focusedonfud cdls,
batteriesand € ectrochemica cgpacitorsand aredirected
towards obtai ning high specific energy, high specific
power, long cyclelifeat relatively low cost. Thehigh
rateof pollutioninduced by dectric vehiclesand recent
growth of portabledectronic deviceshasfacilitated the
devel opment of high-performance supercapacitor as
flexibleenergy storagedevices. Electrochemicd capeci-
tors, aso called supercapacitorsor ultracapacitors, store
energy using either ion adsorption (el ectrochemical
double layer capacitors) or fast surface redox reac-
tions or faradai ¢ reactions (pseudo-capacitors/redox-
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capacitors)i?>®, They can complement or replace bat-
teriesin electrical energy storageand harvesting appli-
cations, when high power ddlivery or uptakeisneeded.
Duetotheir high specific power, supercapacitorshave
goplicationsincuding automobiles, eectricvehiclesand
various hybrid el ectric vehicles. Recently, graphene
based electrode material has been used for
supercapacitor applications. In contrast to the conven-
tiond high surface materias, theeffectivesurfacearea
of graphene based materials as capacitor electrode
materiasdoesnot depend on thedistribution of pores
at the solid state, whichisdifferent from the current
supercapacitorsfabricated with activated carbonsand
carbon nanotubes. Obvioudy, theeffectivesurfacearea
of graphenemateria sshould depend highly on thelay-
ers Therefore, thesingleor few layered grapheneshould
be expected to exhibit higher effectivesurfaceareaand
thus better supercapacitor performance. Wang et a .54
fabricated supercapacitor devicesusing grapheneas
electrode materidsandinvestigated their performance.
Thesingle-layered graphene oxide sheetswerere-
duced using gas-based hydrazine reduction at room
temperature. Thereduced graphenematerids produced
by thismethod havealower degree of agglomeration
than the chemically modified graphene prepared in
agueous sol ution at the high temperature. A maximum
specific capacitance of 205 Fgtat 1.0V in agueous
electrolyte with energy density of 28.5W h kg has
been obtained, which arethe best resultsfor graphene
materialssofar and dso sgnificantly higher than those
of CNT-based supercapacitors. Furthermore, the
power density of the capacitorsreachesashighas 10
kW kg?, higher than that for CNT-based
supercapacitors.

Subsequent development of graphene based
nanocomposites using conducting polymersisanim-
portant step of improvisation intheareaof nanoscience
and nanotechnol ogy. Thiskind of graphene-based poly-
mer nanocomposites can be used asel ectrode materia
insupercapacitors. Themain conductive polymer ma:
terid sthat have been investigated for the supercapacitor
electrode are polyaniline (PANI), polypyrrole (PPY),
polythiophene (PTH) and their derivatives.

Freestanding andflexiblegraphene/polyanilinecom-
posite paper was prepared by Wang et al.[*2 employ-
ing aningtuanodicdectropolymerizaionof polyaniline
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film on graphene paper. Thisgraphene-based compos-
ite paper dectrode, cons sting of graphene/polyaniline
composite sheets as building blocks, showsafavor-
abletensile strength of 12.6 MPaand exhibitsastable
large el ectrochemical capacitance (233 Fg-* and 135
F cmr® for gravimetric and volumetric capacitance).
Thesevauesare much larger compared to many other
currently available carbon-based flexibledectrodesand
Is therefore particularly promising for flexible
supercapacitors.

CONCLUSIONS

Thediscovery of graphenein 2004 triggered re-
search activitiesat variousexperimenta and theoretica
aspectsworldwidedueto itsextremely large surface
areaand uniquematerial properties. Withinfew years
of discovery, graphene based materid sand their com-
positesenjoy the status of being the new supermateria
on thehorizon of materiasscienceand condensed mat-
ter physicsowingtother versatile gpplicationsin vari-
ousfidds. Different protocols have been employed for
the synthesisof graphene™3. Itisexpected that thisnew
supermaterial will replacesilicon to bethemateria of
choicefor certain gpplicationsin e ectronicsinthenear
future.
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