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Graphene

E very few years, a new material with unique properties emerges and
fascinates the scientific community, typical recent examples being
high-temperature superconductors and carbon nanotubes. Graphene
is the latest sensation with unusual properties, such as half-integer
quantum Hall effect and ballistic electron transport. This two-dimen-
sional material which is the parent of all graphitic carbon forms is
strictly expected to comprise a single layer, but there is considerable
interest in investigating two-layer and few-layer graphenes as well.
Synthesis and characterization of graphenes pose challenges, but there
has been considerable progress in the last year or so. Herein, we
present the status of graphene research which includes aspects related
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to synthesis, characterization, structure, and properties.

1. Introduction

Graphene, the parent of all graphitic forms (Figure 1), has
become one of the most exciting topics of research in the last
three to four years.'! This two-dimensional material consti-
tutes a new nanocarbon comprising layers of carbon atoms
arranged in six-membered rings. It is distinctly different from
carbon nanotubes (CNTs) and fullerenes, and exhibits unique
properties which have fascinated the scientific community.
Typically important properties of graphene are a quantum
Hall effect at room temperature,”™ an ambipolar electric
field effect along with ballistic conduction of charge carriers,"!
tunable band gap,’”! and high elasticity.”! Although graphene
is expected to be perfectly flat, ripples occur because of
thermal fluctuations.!) Ideally graphene is a single-layer
material, but graphene samples with two or more layers are
being investigated with equal interest. Three different types
of graphenes can be defined: single-layer graphene (SG),
bilayer graphene (BG), and few-layer graphene (FG, number
of layers <10). Although single-layer graphene and bilayer
graphene were first obtained by micro-mechanical cleavage,”!

Figure 1. Graphene: the parent of all graphitic forms. (From Ref. [1a].)
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several strategies have since been developed for the synthesis
of graphenes.®!

Graphene has been characterized by a variety of micro-
scopic and other physical techniques including atomic force
microscopy (AFM), transmission electron microscopy
(TEM), scanning tunneling microscopy (STM), X-ray dif-
fraction (XRD), and Raman spectroscopy.l!l It is interesting
that single-layer graphene placed on a silicon wafer with a
300 nm thick layer of SiO,, becomes visible in an optical
microscope (Figure 2a and b).’'% While AFM directly gives
the number of layers (Figure 2¢),! STM (Figure 2d)"Y and
TEM (Figure 2¢)!"” images are useful in determining the
morphology and structure of graphene. Raman spectroscopy
has emerged to be an important tool for the characterization
of graphene samples.'*"®! Herein, we shall discuss various
aspects of graphene, including synthesis, structure, properties,
functionalization, and polymer composites. Although we have
covered most of the important facets of graphene published
up to May 2009, we have given somewhat greater importance
to the chemical aspects and cited a large number of references
from the rapidly increasing literature. We do hope that the
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Figure 2. Microscopy images of graphene crystallites on 300 nm SiO,
imaged with a) white and b) green light. Figure (b) shows step-like
changes in the contrast for single-, bi-, and trilayer graphenes. c) AFM
image of single-layer graphene. The folded edge exhibits a relative
height of approximately 4 A indicating that it is single-layer. d) High-
resolution STM image. e) TEM images of folded edges of single- and
bilayer graphenes. (From Refs. [9,11,12b].)

references are sufficiently representative and will help the
reader to obtain more detailed information.

2. Synthesis
2.1. Single-Layer Graphene

Single-layer graphene has been generally prepared by
micromechanical cleavage in which highly oriented pyrolitic
graphite (HOPG) is pealed using scotch-tape and deposited
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on to a silicon substrate. Besides mechanical cleavage of
graphite, the other important methods employed to produce
graphene samples are epitaxial growth on an insulator surface
(such as SiC), chemical vapor deposition (CVD) on the
surfaces of single crystals of metals (e.g., Ni), arc discharge of
graphite under suitable conditions, use of intercalated graph-
ite as the starting material, preparation of appropriate
colloidal suspensions in selected solvents, and reduction of
graphene oxide sheets.®

By employing mechanical exfoliation of graphite, mono-
layers and bilayers of graphene with minimum lateral
dimensions of 2-10 nm can be deposited onto the Si(100)-
2 x 1:H surface."”’ Room-temperature ultrahigh vacuum scan-
ning tunneling spectroscopy has been used to characterize the
nanometer-sized single-layer graphene to reveal a size-
dependent energy gap ranging from 0.1 to 1 eV. By correlat-
ing resolved tunneling spectroscope and atomically resolved
images, the dependence of the electronic structure of single-
layer graphene on lateral size, edge structure, and crystallo-
graphic orientation has been examined. Single- and few-layer
graphenes taken from freshly cleaved HOPG surfaces by the
scotch-tape technique can be readily transferred on to a given
substrate using electrostatic deposition.!'¥!

While mechanical cleavage of graphene layers from a
graphite crystal has afforded the study of the properties of
single-layer graphene or bilayer graphene, the method is not
suitable for large scale synthesis of single-layer graphene or of
few-layer graphene (FG). Among the methods and proce-
dures for large-scale synthesis two categories should be
distinguished: a) those which start with graphite or a com-
parable starting material not containing any oxygen function-
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Graphene

alities and b) those which involve the exfoliation of graphite
oxide (GO) followed by reduction. The latter methods yield
sheets of reduced graphite oxide, some of which could be
single-layer materials. Reduced graphite oxide layers are to
be considered as chemically modified graphenes since they
generally contain some oxygen functions, such as OH or
COOH groups. Under category (a), some of the methods are
growth on SiC surfaces, hydrogen arc discharge, conversion of
nanodiamond, CVD on metal surfaces, and dispersion of
graphite in solvents.

Large-area single-layer graphene has been prepared by
thermal decomposition of the (0001) face of a 6H-SiC wafer
under ultrahigh vacuum (UHV) conditions." Single-layer
graphene has been grown on top of a 6H-SiC (0001) substrate
by an ex situ method, which gives larger mono-layer graph-
enes in comparison with an insitu method (Figure 3).2%!
Thus, ex situ graphitization of Si-terminated SiC (0001) in
an argon atmosphere of 1 bar yields monolayer films with
large domain sizes.”™ Temperature-dependent structural
changes of graphene layers on the 6H-SiC(0001) surface
studied by photoelectron spectroscopy, low-energy electron
diffraction, and extended X-ray absorption spectroscopy
(EXAFS) indicate that a bilayer-like graphene sheet is
formed after annealing at 1150°C. The tilting angle of the
graphene sheet is estimated to be 14 +2°. As the number of
the graphene layers increases, the angle gradually decreases
to 742° at 1400°C.[*

Graphene suspensions can be readily produced by dis-
persing graphite in surfactant-water solutions.?'? Individual
sheets on HOPG have been manipulated by scanning probe
microscope (SPM) tips, but it is more reliable to first pattern
the HOPG surface to create an array of small graphite islands
by reactive ion etching with an oxygen plasma.? Exfoliation
of lithium-intercalated multiwalled carbon nanotubes yields
single-layer graphene flakes.*"
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Figure 3. a) Low-energy electron microscope (LEEM) image of a single-
domain single-layer graphene grown ex situ on the (0001) surface of
SiC; the field of view is 20 pm wide and the electron energy is
E,.c+4.4 eV. b) LEEM image showing the existence of two domains of
monolayer graphene. c) Photoelectron intensity map versus binding
energy and parallel momentum showing the electronic structure close
to the Dirac point at the K point of the Brillouin zone. (From

Ref. [20a].)

Gram quantities of single-layer graphene have been
prepared by employing a solvothermal procedure and sub-
sequent by sonication.”™ In this process, the solvothermal
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Figure 4. a,b) High-resolution TEM images of a) solution-cast monolayer and b) solution-cast bilayer graphenes (scale bar 500 nm). c) Electron
diffraction pattern of the monolayer in (a). d,e) Electron diffraction patterns taken from the positions of the d) black and e) white spots,
respectively, of the sheet in (b). The graphene is one-layer thick in (d) and a bilayer in (e). f-h) Diffracted intensity taken along the 1-210 to
—2110 axis for the patterns in (c—e). i) Histogram of the ratios of the intensity of the {1100} and {2110} diffraction peaks. A ratio >1 is a

signature of graphene. (From Ref. [24].)
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product of sodium and ethanol is subjected to low-temper-
ature flash pyrolysis yielding a fused array of graphene sheets,
which are dispersed by mild sonication. Single-layer graphene
can be produced in good yields by solution-phase exfoliation
of graphite in an organic solvent, such as N-methylpyrroli-
done (NMP) (Figure 4).2Y This process works because the
energy required to exfoliate graphene is balanced by the
solvent—-graphene interaction. Exfoliation of alkali-metal
intercalated graphite in NMP yields a stable solution of
negatively charged graphene sheets which can be deposited
on substrates.” Two-dimensional linear graphene ribbons
can be prepared chemically by the oxidative cyclodehydroge-
nation of polyphenylene precursors.””

Highly conducting graphene sheets produced by the
exfoliation-reintercalation—expansion of graphite are readily
suspended in organic solvents””) The sheets in organic
solvents can be made into large, transparent, conducting
films by Langmuir-Blodgett assembly in a layer-by-layer
manner. The initial step is exfoliation of the commercial
expandable graphite (160-50 N, Grafguard) by brief (60 s)
heating to 1000 °C in forming gas (i.e. hydrogen and nitrogen),
followed by reintercalation by oleum (fuming sulfuric acid
with 20% free SO;), and insertion of tetrabutylammonium
hydroxide (TBA, 40% solution in water) into the oleum-
intercalated graphite in DMF. TBA-inserted oleum-interca-
lated graphite is sonicated in a DMF solution of 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-
(polyethyleneglycol)-5000] (DSPE-mPEG) for 60 min to
obtain a homogeneous suspension. This method gives large
amounts of graphene sheets which can be transferred to other
solvents including water and organic solvents (Figure 5). The
average size of the single-layer graphene sheet was 250 nm
and the average topographic height was approximately 1 nm.
Graphitic oxide, obtained by the oxidation of graphite,
contains a considerable amount of surface oxygen in the
form of OH and COOH groups. Mechanical or thermal
exfoliation graphitic oxide gives single-layer graphene oxide
(SGO). Single-layer graphene oxide on reduction by hydro-
gen, hydrazine or other reducing agents gives single-layer
graphene. Single-layer graphene has been prepared on a large
scale by a solution-based approach, involving the dispersion
of graphitic oxide in pure hydrazine. Hydrazine-based
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Figure 5. a) Schematic representation of the exfoliated graphite reinter-
calated with sulphuric acid molecules (spheres) between the layers.

b) Schematic of tetrabutyl ammoniumhydroxide (TBA; dark blue
spheres) in the intercalated graphite. c) Schematic of single-layer
graphene coated with DSPE-mPEG molecules also shown is a photo-
graph of the solution of single-layer graphene. d) AFM image of a
single-layer graphene with a topographic height of approximately T nm
(scale bar: 300 nm. e) Low-magnification TEM image of a single-layer
graphene that is several hundred nanometres in size (scale bar:

100 nm). f) Electron diffraction pattern of a single-layer graphene as in
(e). (From Ref. [27].)

colloids are deposited on different substrates to obtain
chemically modified graphene sheets with large areas (20 x
40 um; Figure 6).2" Schniepp et al.®! have shown that
exfoliation of graphitic oxide yields single-layer graphene
oxide through the expansion of CO, evolved in the space
between the sheets during rapid heating (Figure 7). A
detailed analysis of the thermal-expansion mechanism of
graphitic oxide to produce single-layer graphene sheets has
been described.® Chemically modified graphenes have been
produced in different ways. These include hydrazine reduc-

Figure 6. Photographs of chemically converted graphene suspensions. a) graphite oxide paper in a glass vial and b) the graphite oxide dispersion
after addition of hydrazine. Below the vials, three-dimensional computer-generated molecular models of graphene oxide (C gray, O red, H white)
and the reduced graphene are shown. Removal of -OH and -COOH groups by reduction gives the planar structure. c) SEM and d) AFM images of
a chemically converted graphene sheet on Si/SiO, substrate. (From Ref. [29a].)
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Figure 7. a) Tapping-mode AFM image (8 umx8 pum) showing an individual thermally exfoliated graphite oxide flakes. b) Pseudo-3D representa-
tion of a 600 nmx 600 nm AFM scan of an individual graphene sheet showing the wrinkled, rough surface. c) Contact-mode AFM scan of a
different flake, providing an accurate thickness of the sheet. Inset: atomic-scale image of the HOPG lattice. d) Cross-section of an unwrinkled area
in (b) (position indicated by black dashed line in (b)). e) Histogram showing the narrow distribution of sheet heights. f) Cross-section through

the sheet in (c) showing a height minimum of 1.1 nm. (From Ref. [29b].

tion of the colloidal suspension of single-layer graphene oxide
in DMF/water™! or in water.”®! Electrostatic stabilization
enables stable aqueous dispersions of the single-layer graph-
ene sheets.

2.2. Graphenes with One to Three Layers

The dispersion behavior of graphene oxide in different
organic solvents, such as DMF, NMP, ethylene glycol and
tetrahydrofuran (THF) has been studied.’” As-prepared
graphite oxide formed by the Hummers method undergoes
full exfoliation into single-layer graphene oxide under
sonication forming stable dispersions in the above solvents.
The sample prepared from the dispersion in DMF yields
sheets of uniform thickness (1.0-1.4 nm). Single-layer and bi-
layer graphene sheets are obtained by using a substrate-free,
atmospheric-pressure microwave plasma reactor, wherein
liquid ethanol droplets are passed through an argon plasma
(Figure 8).F' High-quality graphene sheets of 1-3 layers have
been synthesized on stainless steel substrates at 500°C by

Angew. Chem. Int. Ed. 2009, 48, 7752-7777
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microwave plasma chemical vapor deposition (CVD) in an
atmosphere of 10 % methane and 90 % hydrogen at a pressure
of 30torr and a flow rate of 200sccm (standard cubic
centimeter per minute)."! Arc-discharge of graphite in
hydrogen appears to yield primarily two- and three-layer
graphenes (see next section).

2.3. Few-Layer Graphenes

Starting with graphite and by employing chemical exfo-
liation, high-quality graphene with a predetermined number
of layers can be obtained.®® With artificial graphite, flake
graphite powder, Kish graphite, and natural flake graphite as
starting materials, nearly 80 % of the final product has been
found to be single-layer, single- and double-layer, double- and
triple-layer, and few-layer (4-10 layers) graphene respec-
tively. A mixture of few-layer (4-10 layers) graphene and
thick graphene (> 10 layers) is obtained when HOPG is used
(Figure 9). Large-scale transfer of mono and few-layer
graphenes from SiO,/Si, to any type of substrate material
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Figure 8. Synthesis of graphene sheets: a) Schematic representation of
the atmospheric-pressure microwave plasma reactor. b) Photograph of
graphene sheets dispersed in methanol. ¢) TEM image of graphene
sheets suspended on a carbon TEM grid. Homogeneous and feature-
less regions (indicated by arrows) indicate areas of single-layer
graphene; Scale bar: 100 nm. (From Ref. [31].)
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Figure 9. Tapping-mode AFM images and the height profiles of
graphenes derived from a),d) kish graphite, b),e) flake graphite
powder, and c),f) artifical graphite. The thickness of the graphenes are
1.9-2.3 nm, 1.3-2.1 nm, and 1.1-1.3 nm respectively. (From Ref. [33].)

has been carried out. During the transferring process no
morphological changes or corrugations are induced
(Figure 10).*Y Well-ordered graphite films with a thickness
of a few graphene layers have been grown on nickel substrates
by CVD from a mixture of hydrogen and methane activated
by a direct current (DC) discharge.’ These films contain
atomically smooth micron-size regions separated from each
other by ridges. The film thickness is (1.5+0.5) nm.

An arc-discharge method involving evaporation of graph-
ite electrodes in a hydrogen atmosphere has been reported for

www.angewandte.org
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Figure 10. a) Schematic representation of the transferring process.
Graphene sheets are deposited on SiO,/Si substrates via HOPG
microcleaving and then transferred to a nonspecific substrate. b,c) Op-
tical images of macroscopic regions having graphite and graphene
flakes on b) the original substrate and c) the SiO,/Si substrates.
Arrows point to PMMA residues. (From Ref. [34].)

preparing graphene flakes.** The presence of H, during the
arc-discharge process terminates the dangling carbon bonds
with hydrogen and prevents the formation of closed struc-
tures, ®7* such as rolling of sheets into nanotubes and
graphitic polyhedral particles. This method is useful to
prepare boron- and nitrogen-doped graphene. To prepare
pure graphene (HG), direct current arc evaporation of
graphite was carried out in a water-cooled stainless steel
chamber filled with a mixture of hydrogen and helium in
different proportions, without using a catalyst. The propor-
tions of H, and He used in our experiments are, H, (70 torr)/
He (500 torr), H, (100 torr)/He (500 torr), H, (200 torr)/He
(500 torr), and H, (400 torr)/He (300 torr). In a typical
experiment, the discharge current was in the 100-150 A
range, with a maximum open circuit voltage of 60 V.l The
arc was maintained by continuously translating the cathode to
keep a constant distance of 2 mm from the anode. The arc
discharge deposit formed on the inner walls of the reaction
chamber was examined to characterize the graphene
(Figure 11). The deposit mainly contained graphenes with
2-4 layers and the areas were in the 1040 x 10° nm? range.
Hydrogen arc discharge of graphitic oxide has also been
employed to produce graphene sheets.*®"!

Using microwave plasma-enhanced CVD, under a flow of
a methane/hydrogen mixture, micrometer-wide flakes con-
sisting of few-layer graphene sheets (four to six atomic layers)
have been prepared on quartz and silicon by the controlled
recombination of carbon radicals in the microwave plasma.“”
Continuous large-area films of single- to few-layer graphene
have been grown on polycrystalline Ni films by ambient-
pressure CVD using methane/hydrogen feed gas and trans-

Angew. Chem. Int. Ed. 2009, 48, 7752-7777
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Figure 11. a,b) High resolution TEM images of graphene (HG) pre-
pared by the arc-discharge method (inset in (b) shows clearly a bi-layer
graphene). c) AFM images and height profiles (1-2 layers). (From

Ref. [36a].)

ferred on to substrates assisted by poly(methyl methacrylate)
wet etching (Figure 12).*!! Highly crystalline graphene rib-
bons (< 20-30 um in length) with widths of 20-300 nm and a
small thickness (2-40 layers) have been synthesized by
aerosol pyrolysis using a mixture of ferrocene, thiophene,
and ethanol.*?! A microwave plasma enhanced CVD strategy,
also called a substrate-lift-up approach, has been used for the
efficient synthesis of multilayer graphene nanoflake films on
Si substrates without the use of metal catalysts.™*!

Single- and few-layer graphene films exhibiting electrical
characteristics somewhat similar to bilayer graphene have
been deposited onto Si/SiO, substrates starting from graphitic
oxide.* Stable dispersions of graphitic oxide in a mixture of
water and a non-aqueous solvent such as DMF, methanol, or
acetone, are spray deposited on a pre-heated substrate,

Ni

500 pm

Figure 12. a) Optical image of a prepatterned nickel film on SiO,/Si.
CVD graphene is grown on the surface of the nickel pattern. b) Optical
image of the grown graphene transferred from the nickel surface in
panel (a) to another SiO,/Si substrate. (From Ref. [41].)
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subsequent chemical reduction yields non-agglomerated
graphene sheets. Stable aqueous dispersions of single to
few-layer graphene sheets have been prepared using a water
soluble pyrene derivative (1-pyrenebutyrate) as the stabilizer
and hydrazine monohydrate as the reducing agent.*”! Since
the pyrene moiety has strong affinity (because of m-stacking)
with the basal plane of graphite, the flexible graphene sheets
become non-covalently functionalized. Few-layer graphene
nanosheets can also be produced by a soft chemistry route
involving graphite oxidation, ultrasonic exfoliation, and
chemical reduction by refluxing with hydroquinone.[*!

Chemical vapor deposition using camphor (camphor
graphene; CG), conversion of nanodiamond (nanodiamond
graphene; DG) and thermal exfoliation of graphitic oxide
(exfolitated graphitic oxide graphene; EG) produce few-layer
graphenes in large quantities.””) In the first method, camphor
is pyrolysed over nickel nanoparticles at 770°C in the
presence of argon.[*! The method to prepare DG involves
annealing nanodiamond at 1650°C or higher in a helium
atmosphere.[* Tt is generally found that the surface areas vary
as EG > DG > HG. The number of layers is smallest (2-4) in
HG. Large and flat graphene flakes having single to few layers
have been produced from HOPG by an initial epoxy bonding
process followed by reverse exfoliation.”” Kim et al®'l have
carried out large-scale growth of graphene films by CVD on
thin nickel layers (<300 nm) deposited on SiO,/Si substra-
tes.”!¥ These workers also describe two methods of patterning
the films and transferring them on to substrates (Figure 13).
The reaction of CH/H,/Ar is carried out at 1000°C. “C
labeled graphene has been prepared by CVD of *CH, over
nickel foil.’™ Layer-by-layer growth of graphene on Ru-
(0001) has been accomplished by temperature annealing of
the metal containing interstitial carbon atoms®*? Films of
giant graphene molecules such as C,H;3 and CyHj, have
been processed through soft-landing mass spectroscopy.r'!

Preparation and characterization of graphene oxide
paper, a free-standing carbon-based membrane material
made by flow-directed assembly of individual graphene
oxide sheets has been reported (Figure 14)." In this proce-
dure, graphite oxide synthesized by the Hummers method was
dispersed in water as individual graphene oxide sheets and the
graphene oxide paper was made by filtration of the resulting
colloid through an Anodisc membrane filter (47 mm diame-
ter, 0.2 pm pore size; Whatman), followed by air drying and
peeling from the filter.

While the exact procedures for large-scale synthesis of
graphenes, specially single-layer graphene and few-layer
graphene (with a relatively small number of layers, <6)
have not been established, the most popular method appears
to be one based on graphite oxide. Graphite oxide itself is
prepared by treating graphite with a mixture of concentrated
nitric acid, concentrated sulfuric acid, and potassium chlorate
at room temperature for five days.*> Exfoliation is carried out
by giving a sudden thermal shock to graphitic oxide in a long
quartz tube at 1050°C under an argon atmosphere.* A stable
suspension can be prepared by heating an exfoliated graphite
oxide suspension under strongly alkaline conditions at
moderate temperatures (50-90°C).”* Chemical reduction of
exfoliated graphite oxide by reducing agents, such as hydra-
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Figure 13. Transfer processes for large-scale graphene films. a) Gra-
phene film (centimetre-scale) grown on a Ni (300 nm)/SiO2 (300 nm)/
Si substrate, b) after etching the nickel layers in 1™ FeCl; aqueous
solution. c) Graphene films having different shapes can be synthesized
on top of patterned nickel layers. d, e) The dry-transfer method using a
polydimethylsiloxane (PDMS) stamp is useful in transferring the
patterned graphene films. d) the graphene film on the PDMS sub-
strate, €) the underlying nickel layer is etched away using FeCl;
solution. f) Transparent and flexible graphene films on the PDMS
substrates. g,h) The PDMS stamp makes conformal contact with a
SiO, substrate. Peeling back the stamp (g) leaves the film on a SiO,
substrate (h). (From Ref. [51a].)

zine and dimethylhydrazine appears to be the promising
strategy for the large-scale production of graphene.’>
Refluxing graphene oxide in hydrazine or even better,
treating graphene oxide with hydrazine in a microwave
oven, ensures reduction and produces aggregates of one-to-
few (2-3) layer graphenes. Sonication and dispersion in a
solvent, such as NMP, favors the formation of a single-layer
material. Reduction of graphene oxide with hydrazine is
effectively carried out by first coating it with a surfactant, such
as sodium dodecylbenzene sulfonate.’>”! Reaction of the
reduced species (coated with the surfactant) with an aryl
diazonium salt gives the surfactant-wrapped chemically
modified graphene which is readily dispersed in DMF or
NMP. Reduced graphene oxide sheets dispersed in organic
solvents can also be generated by taking graphite oxide up in
an organic phase through the use of an amphiphile, and
subsequent reduction with NaBH,.””)

3. Electronic Structure

The graphene honeycomb lattice is composed of two
equivalent carbon sublattices A and B, shown in Figure 15a.
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Figure 14. a—d) Digital camera images of graphene oxide paper:

a) approximately 1 um thick; b) folded approximately 5 um thick semi-
transparent film; c) folded approximately 25 pm thick strip; d) strip
after fracture from tensile loading. e-g) Low-, middle-, and high-
resolution SEM side-view images of an approximately 10 um thick
sample. (From Ref. [52].)

Figure 15. a) Graphene lattice. d, and d, are the unit vectors. b) Recip-
rocal lattice of graphene. The shaded hexagon is the first Brillouin
zone. b, and b, are reciprocal lattice vectors.

Figure 15b shows the first Brillouin zone of graphene, with
the high-symmetry points M, K, K’, and I' marked. Note that
K and K’ are the two inequivalent points in the Brillouin zone.
The s, p, and p, orbitals of carbon atoms form ¢ bonds with
the neighboring carbon atoms. The m electrons in the p,
orbital, one from each carbon, form the bonding &t and anti-
bonding 7t* bands of graphene. The dispersion relation of
these m electrons is described by the tight-binding model
incorporating only the first nearest neighbor interactions
[Eqg. (1))
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k, k,
E*(ky, ky) = i}/o\/l + 4 cos \/’372kxa cos’Ta+ 4cos 22 1)

2

where a = v/3acc, acc is the carbon—carbon distance (1.42 A),
and y,, the transfer integral, is the matrix element between
the m orbitals of neighboring carbon atoms, its magnitude is
approximately 3 eV. The minus sign in Equation (1) refers to
the m band which is fully occupied in graphene and the plus
sign corresponds to the empty antibonding st* band. The &
and m* bands touch at the K and K’ points. A Taylor
expansion of Equation (1) around K or K’ points yields linear
dispersion bands [Eq. (2)].

E* (k) = 7K @)
k is measured with respect to the K-point,
y = hvie = V3ay,/2, and vg is the Fermi group velocity. The
linear bands, a result of graphene’s crystal symmetry, are a
hallmark of graphene giving rise to many of the interesting
physical properties such as half-integer quantum Hall effect,
Berry’s phase and Klein paradox.®!* Within the linear-band
approximation, the constant energy contours are circles
around the K and K’ points. The effective Hamiltonian near
the K-point can be expressed by the Dirac equation with zero
mass [Eq. (3)].

0 yk -
H= = hvp ok (3)
vk 0

g is the 2d pseudospin Pauli matrix. Physically, this implies
that the electronic states near the K-point are composed of
states belonging to different sublattices A and B and their
relative contributions is taken into account using two
component wavefunctions (spinors). The eigen functions
near K are given by Equation (4)

1) =5 () @)

where s ==+ 1 is the band index and 6; is the polar angle of the
wavevector K. Equation (4) reflects that the pseudospin
vector is parallel to the wavevector k in the upper band (s =
1) and is antiparallel in the lower band (s=-1). The
wavefunctions at K and K’ are related by time-reversal
symmetry. The pseudospin and Berry phase may be manip-
ulated by application of an inhomogeneous lattice distortion.
Interestingly, a non-constant lattice distortion can lead to a
valley-Hall effect, analogous to the spin-Hall effect in semi-
conductors.[!]

The electronic dispersion of bilayer graphene is different
from that of single-layer graphene. The lattice structure of a
bilayer graphene is shown in Figure 16a andb. The A,
sublattice of the top layer is exactly on top of the sublattice
B, of the bottom layer. In addition to the in-plane nearest-
neighbor hopping energy v, (A;-B; or A,-B,), there is
interlayer hopping energy y; (A,-B,). Taking only these two
energy scales and neglecting all other hopping energies
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Figure 16. a) Top and b) side view of a bilayer graphene. A,, B, are the
sublattices of the bottom layer (broken line) and A,, B, are sublattices
of the top layer (solid line). c) Energy dispersion of a bilayer graphene.
¥, is the energy separation between the two subbands.

(B,-A;, A,-A,, or B,-B;), the Hamiltonian of a bilayer
graphene near the K-point can be written as Equation (5).

0 y& 0 O
k 0 0
H= Y Y1 (5)
0 v, 0 vk
0 0 yk O

The eigen values of this Hamiltonian are given by
Equation (6)

E‘/(k) =S |:< ()/21)2+(Y(1k)2> (1)/‘}/21:| (6)

where s ==+1 is a band index, j is a subband index (j=1,2).
Figure 16c shows the electronic dispersion of the bilayer,
where v, is the energy separation between the two subbands
in conduction or valence bands. There is no gap between the
valence band and the conduction band. However, a gap can
open on application of an electric field perpendicular to the
bilayer.”>%! A band gap has been observed by angle-resolved
photoemission experiments on a chemically doped bilayer
graphene ! where the electric field arises through charge
transfer from the dopants to the carbon atoms. A direct
application of top-gate electric field to the back gated bilayer
field effect transistor gives a controlled way to manipulate the
band gap, presenting a possibility of electrostatically con-
trolled graphene-based devices.®

Quantum Hall Effect: The massless Dirac Fermion nature
of carriers in single-layer graphene has interesting conse-
quences on the energy spectrum of the Landau levels (LL)
produced in the presence of a magnetic field perpendicular to
the graphene layer.>**! The energies of the Landau levels,
indexed by integer j, are given by E; = +v+/2|j|ehB. Notice
that E; is proportional to VB, in contrast to conventional two-
dimensional electron-gas with parabolic bands where
E; = (j + %2(?163 /m*. Furthermore, since the bands touch at
the K and K’ points, the j =0 Landau level is shared equally
between electrons and holes, whereas in parabolic bands, the
first LL is shifted by %eB/2m™*. These peculiarities of the
Dirac Fermions lead to anomalous quantum hall effect
(QHE) with half-integer quantization of the Hall conductiv-
ity, instead of an integer quantum hall effect. The Hall
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conductivity, o,,, in single-layer graphene shows a plateau
e* . . . .
quantized at % (] + %) as a function of carrier density, g, at a

fixed magnetic field or as a function of B at a fixed n,. Another
interesting feature is that the splitting between the LLs (j=0
and j=1) is 240 meV at 45 T which makes the observation of
quantum hall effect possible at room temperature.[*

For bilayer graphene, the quasi-particles are chiral but
with a finite mass. The Landau levels in this case are given by
E; = :l:fn‘%g VJ(i—1), leading to two degenerate levels j=0
and j=1 at zero energy. This situation results in the absence
of the zero-energy plateau, o,, = j4¢’/h, where j is an integer
except j= 0.1 The opening of a gap in bilayer graphene by
the electric field is also reflected in the quantum hall
plateaus.’*®!

4. Phonons and Raman Spectroscopy

Single-layer graphene belongs to the Dg, point group
which reduces to Ds,; for the AB bilayer and ABC trilayer,
and to Dy, for the ABA trilayer. The zero-wavevector (¢ =0)
optical phonons in single-layer graphene belong to the
irreducible representations E,,(R) and B,(IR), where R
and IR refer to Raman and infrared active modes. The eigen
vectors of these optical modes (Figure 17a) show that the E,,
mode (degenerate transverse optic (TO) and longitudinal
optic (LO)) is an in-plane optical vibration with the frequency
1582 cm . The two neighboring atoms vibrate opposite
to one another, resulting in large bond distortions. In the B,,
mode, the carbon atoms move perpendicular to the graphene
plane. For bilayer graphene with AB stacking with four atoms
per unit cell, the optical modes are 2E,(R), 2E,,(IR), A,,(IR),

a) Single-layer graphene

b) Bilayer graphene

et
w55

Eg Ey

¢) D-mode

»?a.,‘é
o ® o® o
","v‘r

L
ay

Figure 17. a) Atomic displacements for the E,, (TO/LO) modes at I in
single-layer graphene. b) Atomic displacements of E,(R) and E;,(IR)
modes at I for bilayer graphene. One mode for each degenerate pair
is shown. c) Atomic displacements for the highest TO mode at K.
(From Ref. [70].)
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2B,,. The eigen-vectors of E, and E,, are shown in Figure 17b.
The IR active E;, mode is slightly higher in frequency (ca.
7 cm™') than the Raman E, mode.

Vibrational properties of ultrathin n-layer graphene (n=
1-7) have been studied using first-principal density functional
(DFT) theory.” It is found that a low-frequency optical
phonon (ca. 110cm™') with out-of-plane displacements
exhibits a large sensitivity to the number of layers, although
the interlayer spacing does not change appreciably as n varies.
This low-frequency mode is yet to be observed experimentally
but could prove to be a marker for the number of layers.

Figure 18 shows the phonon dispersion of single-layer
graphene using DFT.'” The branch indexed as ZA refers to
the out-of-plane acoustic mode which has a ¢* dispersion, in

Lo

1600 . . . v
! To N TO
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5} ?—_
= 1200
o
g 1000{ 7o Z0
> 800
[}
< 600 ]
S w0l LA
.8 200 TA TA
o ZA 22

0 . . T x y

r K M r

Figure 18. Phonon dispersion for monolayer graphene. (From
Ref. [70].)

contrast to the linear ¢ dispersion of the longitudinal and
transverse acoustic modes. Many recent calculations have
discussed the important issue of electron—phonon coupling in
graphene.””"! The degenerate E,, phonon at I' and the
highest TO phonon at K have strong electron-phonon
interactions, resulting in Kohn anomalies in the phonon
dispersion. The Kohn anomaly refers to the anomalous
screening of phonons of wavevector q which can connect
two points k; and k, on the Fermi surface such that k, =k; +
q.® For graphene and metallic nanotubes, the Kohn anoma-
lies occur at q =0 and q =K. The eigen vectors of the phonon
modes responsible for the Raman D-band transform accord-
ing to the A, and B, representations of Cg, and are shown in
Figure 17c.l%™ The two sublattice atoms move circularly in
opposite directions.

Raman spectroscopy is a powerful probe for characteriz-
ing sp” and sp® hybridized carbon atoms—be they in graphite,
diamond-like carbon, diamond, polyaromatic compounds,
fullerenes, or carbon nanotubes. Raman fingerprints of single,
bi-, and few-layer graphenes are different and have been
investigated by several groups.'>!416883] A typical Raman
spectrum of single-layer graphene is shown in Figure 19. The
symmetry allowed E,, mode at the I'-point, usually termed as
the G-mode, appears at approximately 1583 cm™'. The other
Raman modes seen are at 1350 cm™'(D-mode), 1620 cm ™' (D'-
mode), 2680 (2D- or D*-mode), 2950 (D + G-mode), 3245-
(2D’-mode) and 4290 cm'(2D+G-mode). The D-mode, is a
disorder-activated Raman mode and is associated with the
TO branch near the K-point. Its frequency depends on the
incident laser energy (ca. 50 cm~'eV) and has been under-
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Figure 19. Typical Raman spectrum of single-layer graphene prepared
by mechanical exfoliation. The excitation laser wavelength was
514.5 nm.

stood®™ %I based on the double-resonance Raman process
shown in Figure 20. The Raman tensor can be written in
fourth-order perturbation theory as Equation (7).

R = Z MerMe—defMepMer
T2 (E—E,~#)E—hof—E, —ip)(E—haf —E.—i) )

ab.c

a) D-mode b) D'-mode

phonon

Inter-valley
(TO mode near K)

Intra-valley
(LO mode near I)

Figure 20. a) and b): Double-resonance Raman scheme for the D- and
D’-modes. Vertical solid lines represent interband electronic transitions
accompanied by photon absorption or emission. Dashed arrow
represents phonon emission and horizontal dashed line represents the
defect scattering.

E, is the energy of the incident laser photon, M the matrix
elements, and y is the life-time broadening of the intermedi-
ate electronic states a, b, and c. Figure 20a shows the four
steps involved in defect-assisted Raman process: 1) electron—
radiation interaction with matrix element M., 2) electron—
phonon interaction (M,,) making a phonon assisted inter-
valley transition, 3) defect-assisted transition M, 4 to take
care of the momentum conservation, and 4) the electron—
radiation interaction. In the double-resonance Raman pro-
cess, the phonon with wavevector q is so chosen that the
energy denominator is minimum. A change in the incident
photon energy results in a phonon of different wavevector on
the TO branch being chosen and hence the shift in the D-
mode frequency arises through the dispersion of the phonon
branch near the K-point of the Brillouin zone. The mode at
1620 cm™', termed as D', also arises through the double-
resonance process, as a result of intra-valley scattering
involving the LO phonon near the I'-point (Figure 20b).

The mode at 2680 cm™' is the second-order Raman
scattering involving TO phonons near the K-point. It is
labeled as the D*- or 2D-mode. Unlike the D-band, disorder
is not required for the wavevector conservation because two-
phonons of equal and opposite momentum can satisfy the
Raman requirement of g~0. Hence, the 2D band can be
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observed in the Raman spectra, even though the D-mode is
absent (see Figure 22). Like the D-band, this Raman band is
highly dispersive with changing incident photon energy (ca.
100 cm~'eV ™), almost twice of the dispersion of the D-band.
Double resonance Raman scattering shown in Figure 21 a can

b) Fully resonant

a) Double resonant

-

phonon

Figure 21. Double-resonance Raman process for the two-phonon
Raman scattering. Notation same as in Figure 20.

quantitatively explain the dependence of the 2D Raman band
frequency on the laser photon energy. It has been pointed
out®™ that the Raman process shown in Figure 21b, labeled
fully resonant, is more dominant than the double resonance
process. In bilayer graphene, the electronic dispersion is
different from that in single-layer graphene (See Figure 16¢)
and hence the shape of 2D band is different from that in
single-layer graphene.*!® Figure 22 shows the comparative
Raman spectra of mono- and bi-layer graphenes along with
the spectrum of HOPG. Ferrari et al.™ have shown that the
2D band in bilayer graphene can be decomposed into four
bands arising from the different phonon-assisted inter-valley
transitions shown in Figure 23. It is found® that the position
of the Raman G-band in mechanically exfoliated single-layer
graphene varies from 1582 cm™" to 1594 cm™". The line-width
also varies from 20 cm™' to 14 cm™'. Figure 24 shows the
variation of the G-mode frequency wg and its full-width-at-
half-maximum (FWHM) as a function of the intensity ratio of
the D- and G-modes, I(D)/I(G). The ratio is a measure of the
disorder in the sample, which can be edges, charge puddles,
ripples, or any other defects. The data in Figure 24 reflect the
unintentional charge doping of the graphene by defects (see
below). The intensity of D-band is related to the edge
chirality.® It is weak at the zigzag edge and strong at the
armchair edge.

Raman spectra are routinely used to characterize gra-
phene samples. Raman spectra of few-layer graphenes
prepared by different methods are shown in Figure 25.0¢
The shift and splitting of Raman modes can be used to
determine the strain in graphene layers. Raman spectra of
epitaxial graphene layers grown on SiC show a significant
blue shift of the G-band (ca.20cm™') and 2D bands
(ca. 60 cm™!) compared to exfoliated graphene.®!! This
shift mainly arises due to compressive strain that builds up
when sample is cooled down after annealing.

In graphene monolayer under uniaxial strain, the doubly
degenerate E,, mode splits into two components—one
polarized along the strain and the other perpendicular to
it.’>*% This results in splitting of the G-band into two bands
G* and G~ which are red shifted under the uniaxial tensile
strain. The red shifts for 1% strain are 11 cm™! for G™ band
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Figure 22. Raman spectra of single-layer graphene and bilayer gra-
phene prepared by mechanical exfoliation of HOPG. Note that even
though the D-mode is absent in graphene samples, the 2D-mode is
strong. The 2D band in bilayer graphene is deconvoluted into four
bands arising from the double resonance processes. (From Ref. [80].)
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Figure 23. Schematic representation of all the four possibilities in a
double-resonance Raman process. The solid vertical lines are elec-
tronic transitions and the dashed lines represent emission of phonons.

and 32 cm™' for G~ band.” For the 2D band, the corre-
sponding shift is 64 cm™', which can also have contributions
from the changes in the phonon wavevector arising from
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Figure 24. Peak position of the G-mode, w¢, and its FWHM of single-
layer graphenes as a function of the /(D) /I(G) ratio. The dashed lines
are a guide for the eye. (From Ref. [80].)
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Figure 25. Raman spectra of a) CG, b) DG, c) EG, and d) HG. (From
Ref. [1d].)

relative movement of the Dirac cones.”? This effect can
contribute to the asymmetric broadening of the 2D band.

5. Effects of Doping
5.1. Electrochemical Doping

Doping of graphene is easily achieved by using the
commonly used SiO, back-gated field effect transistor (FET)
geometry. In situ Raman measurements on such devices"!
reveal that the frequency of the G-band increases whereas the
line-width decreases for both electron and hole doping. The
doping level achieved is 5x 10 cm? A novel method to
achieve an order-of-magnitude higher doping is to use
electrochemical top gating, where the Debye layer of thick-
ness of approximately 1 nm acts as a gate, with a much higher
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gate capacitance Cg."”® Recall Cg is proportional to 1/d where
d is the thickness of the gate layer and is typically around
300 nm for SiO, back-gated field effect transistor. The
electrochemical top gating results in Cqr2x1072Fm™,
about 170 times higher than the SiO, back-gated field effect
transistor. Figure 26a is a schematic diagram of the exper-

a) From Ar* b)

Vps=50/mV
laser (514 nm) :
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Figure 26. a) Schematic representation of the experimental set up for
using top gating to study the influence of doping on the Raman
modes. The left inset shows the optical image of a single-layer
graphene connected between source and drain gold electrodes. The
right inset is a schematic illustration of polymer electrolyte top gating.
b) Source-drain current Is as a function of top-gate voltage V;¢ at a
fixed source-drain voltage Vps. ) Isp versus Vs for different Vi values.
(From Ref. [99].)

imental set up®®! to monitor the effect of doping on Raman
modes using top gating with a solid (LiClO,)/polymer
(polyethylene oxide; PEO) electrolyte. Figure 26b shows
the transistor characteristics of the top-gated field effect
transistor. The dependence of the peak position, Pos(G), and
the full-width-at-half-maximum, FWHM(G) of the G-band,
as well as of the position of the 2D band, Pos(2D), on electron
and hole concentrations are shown in Figure 27. We see that
the Fermi level can be shifted by as much as 0.7 eV with top
gating. The important points to note from Figure 27 are:
1) Pos(G) increases for both electron and hole doping 2) the
FWHM(G) decreases on doping and becomes independent of
doping when Fermi energy shift is larger than half the phonon
energy (hwg/2), 3) the doping dependence of the 2D band is
very different from that of the G-band. The 2D band
wavenumber increases for hole doping and decreases for
electron doping, thereby establishing that the amount and
nature of doping can be determined simply by studying both
the G and 2D bands. Another important result that has come
out of this study is that the intensity ratio of 2D and G bands,
I(2D)/I(G) depends on the doping (Figure 28). Therefore, if
the graphene sample is unintentionally doped, as is usually
the case, I(2D)/I(G) and Pos(G) should not be used to
estimate the number of layers. The solid lines in Figure 27
represent the results from theoretical calculations (see
below).
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Figure 27. Doping dependence of a) the position Pos(G) and b) line
width FWHM(G) of the G-mode, and c) the postion Pos(2D) of the
2D-mode. The solid lines are theoretical curves. (From Ref. [99].)
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Figure 28. Dependence of the 1(2D)/I(G) on doping. (From Ref. [99].)

Doping has two major effects: 1)a change in the
equilibrium lattice parameter (electron doping results in
expansion of the lattice giving rise to phonon softening
whereas hole doping results in contraction of the lattice giving
rise to phonon stiffening) and 2) effects beyond the adiabatic
Born-Oppenheimer (ABO) approximation which alter the
phonon dispersion close to the Kohn anomalies
(KA).5997.101 The reason for going beyond the often used
ABO approximation is that the electron-momentum relaxa-
tion time in graphene is much larger than the phonon
pulsation time (ca. 3 fs) and hence the phonon is a dynamic
perturbation to the electronic system. For the 2D band,
however, dynamic effects are expected to be small, since the
phonons giving rise to the 2D band are far away from the
Kohn anomaly at K-point."™ Physically, G-peak stiffening is
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due to the non-adiabatic removal of the Kohn anomaly at I
The reduction in FWHM(G) is due to the blockage of phonon
decay into an electron-hole pair when the electron-hole gap
is higher than the phonon energy, which saturates for a Fermi
shift larger than half-phonon energy. We see from Figure 27
that agreement between theory and experiment for both the
G- and 2D-bands is modest and hence a complete under-
standing of phonon renormalization is yet to emerge. A
possible means to improve the agreement can be to include
electron—electron correlations which can be important as
doping increases.

Since the electronic structure of bilayer graphene is
different from single-layer graphene, the phonon response to
doping will be different.''!! Recently, the effects of doping on
the phonons in bilayer graphene have been studied.!'”1%
Recall that the bilayer has two conduction bands and two
valence bands, the splitting of which depends on the interlayer
transfer integral y,. Raman measurements of the change in
the G-band frequency with doping has allowed a direct
measurement of y,.'%! Figure 29a shows the Raman spectra
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Figure 29. a) Raman spectra of a bilayer graphene at various gate
voltages. b) Pos(G) and FWHM(G) as a function of Fermi energy shift.
Fermi energy is tuned by electrochemical top gating using solid
polymer electrolyte. Solid lines are theoretical predictions incorporating
dynamic effects beyond the adiabatic Born-Oppenheimer approxima-
tion. (From Ref. [105].)

of a bilayer graphene at a few values of top-gate voltages. The
filled circles in Figure 29b show Pos(G) and FWHM(G) of
bilayer graphene as a function of Fermi-energy shift.'*! The
solid lines are from theoretical calculations taking into
account the change in lattice parameter as well as dynamic
contributions calculated using time-dependent perturbation
theory."” The main features of the phonon renormalization
in bilayer graphene are as follows: Like single-layer graphene,
Pos(G) does not increase up to Exx0.1 eV (ca. half of the
phonon energy). The FWHM(G) decreases for both electron
and hole doping. With a Fermi energy shift of 0.1-0.4 eV, the
slope d[Pos(G)]/d(Ep) is smaller in bilayer graphene than in
single-layer graphene. A significant result is the observation
of a kink in Pos(G) at Ep~0.4 eV, corresponding to the y,
value. Das et al.'™ have quantitatively explained that the
kink arises from the filling of the second subband which
blocks some intraband transitions.
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5.2. Doping by Molecular Charge Transfer

Interaction of graphene with electron-donor and electron-
acceptor molecules causes marked changes in the electronic
structure and properties of graphene.'%!”! Thus, electron-
donor molecules, such as aniline and tetrathiafulvalene
(TTF), soften (i.e. shift to lower frequency) the Raman
G band of few-layer graphene while electron-acceptor mol-
ecules, such as nitrobenzene and tetracyanoethylene (TCNE),
stiffen (i.e. shift to higher frequency) the G band. In Figure 30
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Figure 30. Variation of the G-band frequency with the concentration of
electron-donor (TTF) and electron-acceptor (TCNE) molecules. (From
Ref. [107].)

we show the variation of the G-band frequency with the
concentration of electron-donor (TTF) and -acceptor
(TCNE) molecules. The width of the G band increases on
interaction with these molecules. The width of the D band
also varies on interaction with electron-donor and electron-
acceptor molecules. The intensity of the 2D band decreases
markedly on interaction with electron-donor and electron-
acceptor molecules (Figure 31a). The ratio of intensities of
the 2D and G bands, I(2D)/I(G), is a sensitive probe to
examine the effect of the electron-donor and electron-
acceptor molecules on the electronic structure of graphene.
In Figure 31b, we show how the I(2D)/I(G) ratio decreases
markedly with the concentration of both TTF and TCNE. The
I(D)/I(G) intensity ratio shows an opposite trend. This is
because the origins of D and 2D Raman bands are different.
Charge-transfer bands are found in the visible region when
TTF and TCNE interact with few-layer graphene (Figure 32).
DFT calculations confirm the occurrence of charge-transfer-
induced changes in graphene and show how they are different
from the effects of electrochemical doping."®! The effects of
donor and acceptor molecules discussed above also occur
with single-layer graphene.

FElectrical conductivity of graphene also varies on inter-
action with both electron-donor and electron-acceptor mol-
ecules. Electron-donor molecules decrease the conductivity of
graphene while electron-acceptor molecules increase the
conductivity. The magnitude of interaction between the
different graphenes and donor/acceptor molecules is found
to be dependent on surface area of the graphene samples.'*”!

Adsorption of H,0, NH;, CO, NO,, and NO on graphene
involves charge-transfer between the molecules and the
graphene surface!®!"!l The magnetic moment of molecules
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Figure 31. Variation in a) the Raman 2D-bands and b) the 1(2D)/I(G)
ratio of graphene with the concentration of TTF and TCNE. Inset in (b)
shows the plots of 1(2D)/I(G) against the logarithm of the concen-
tration. (From Ref. [107].)

also seems to influence the doping efficiency. It has been
shown that two different types of charge-transfer mechanisms
operate, one arising from orbital hybridization and the other
is due to the position of HOMO and LUMO of the molecule
with respect to the Dirac-point of graphene.''!l As well as
calculation of the adsorption energies, the optimal adsorption
position and orientation of the molecules on the graphene
surface was also determined.'”! Depending on the level of
doping it can be determined whether the adsorbate is a closed
or open shell system. The open-shell NO, molecule is found to
be a strong acceptor, whereas its closed-shell counterpart
N,O, causes only weak doping."?

5.3. Doping by Substitution with Boron and Nitrogen

B-doped and N-doped bilayer graphene samples have
been prepared recently by employing different strategies and
their structure and properties investigated.'"™! B-doped
graphene have been prepared by two methods involving arc
discharge of graphite electrodes in the presence H, and B,H
and by carrying out arc discharge using a boron-filled graphite
electrodes (3 atom % boron). Nitrogen-doped graphene has
been prepared by carrying out arc discharge in the presence of
H, and pyridine or H, and ammonia. Transformation of
nanodiamond in the presence of pyridine also yields N-doped
graphene. The Raman G band is found to move to higher
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Figure 32. Electronic absorption spectra of a) graphene+TTF and
b) graphene +TCNE. Inset in (a) the spectra of TTF and in (b) the
spectra of TCNE. The shaded regions correspond to the charge-
transfer bands. (From Ref. [107].)

frequency both with boron and nitrogen doping in compar-
ison with the undoped sample. This situation is similar to what
happens with electrochemical doping.”>*! The intensity of
the D band is higher with respect to that of the G band in all
the doped samples. On doping, the relative intensity of the 2D
band generally decreases with respect to the G band. DFT
calculations have been carried out to understand the effect of
substitutional doping on the structure of graphene as well as
its electronic and vibrational properties.!'!

6. Functionalization and Solubilization

Carbon nanotubes (CNTs) have been functionalized by
both covalent and noncovalent means to disperse or solubilize
them in different solvents.""*"] Functionalization of gra-
phene has been carried out by employing similar strategies.!""
For example, Haddon and co-workers have functionalized
graphene with covalently bound groups. Acid-treated graph-
ene containing surface OH and COOH groups was first
allowed to react with SOCI, to create COCI groups, subse-
quent reaction with a long-chain aliphatic amine gave the
amide derivative which is soluble in nonpolar solvents.!!%
Another method employed by these workers is grafting aryl
groups through diazotization reactions.'®! Soluble graphene
layers in THF can be generated by the covalent attachment of
alkyl chains to graphene layers by the reduction of graphite
fluoride with alkyl lithium reagents.'"®! Such covalent
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functionalization enables solubilization in organic solvents,
such as CCl,, CH,Cl,, and THF (Figure 33a).*”! Similar
procedures have also been employed by Subrahmanyam
et a1 Figure 33a shows photographs of dispersions of
few-layer graphene in nonpolar solvents. The reaction of

Figure 33. Photographs of a) dispersions of the amide-functionalized
EG in THF, CCl,, and dichloromethane, b) water soluble EG, c) dis-
persion of HDTMS-treated EG in CCl,, d) dispersion of DBDT-treated
EG in CCl,, ) dispersion of PYBS-treated EG in DMF and f) water
dispersions of EG treated with CTAB, SDS, and IGP. (From

Ref. [47,117].)

graphene with a mixture of concentrated H,SO, and HNO;
gives water-soluble graphene which is stable for several
months (see Figure 33b). Graphene is solubilized in CCl, by
interaction with organosilane and organotin reagents, such as
hexadecyltrimethoxysilane (HDTMS) and dibutyldimeth-
oxytin (DBDT), as can be seen from Figure33c andd,
respectively.!"”!

Graphene can be functionalized through noncovalent
modification without affecting its electronic structure by
wrapping with surfactants or through m—nx interaction with a
pyrene derivative such as 1-pyrenebutanoic acid succinimidyl
ester (PYBS).!"'""! Through the m—m interaction with PYBS,
graphene becomes soluble in DMF (Figure 33¢). Noncova-
lent interaction of graphene with surfactants, such as Igepal
CO-890  (polyoxyethylene(40)nonylphenylether;  IGP),
sodium dodecylsulfate (SDS), and cetyltrimethylammonium-
bromide (CTAB) gives water-soluble graphene (Fig-
ure 33 f).1"7) Water-soluble graphene can also be prepared
by the PEGylation method in which, acidified graphene is
treated with excess of polyethylene glycol (PEG) and conc.
HCl under solvothermal conditions.[*"!1*]
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Chemically converted graphene sheets obtained from the
reduction of surfactant-wrapped graphene oxide with hydra-
zine have been functionalized by treatment with aryldiazo-
nium salts.""” The resulting graphene sheets are dispersible in
polar aprotic solvents, such as DMF (Figure 34). Aqueous

1. NaHg*H,0,pH 10
80°C,24h
— N o
H OO0H 9@
o 2. BFN R

1ada
RT,1h

fabRr=Cl
2abR=NO;

SDBS-wrapped GO

3ab R=0CH;
4abR=Rr

Figure 34. a) Reduction of SDBS-wrapped graphite oxide and function-
alization of the intermediate, SDBS-wrapped chemically modifide
graphene (CCG), with diazonium salts. Photographs of supernatant
DMF solutions obtained from b) 4b, c) 1b, d) 2b, and e) 3b after
centrifugation for 15 min at 3200 rpm. (From Ref. [119].)

dispersions of graphene have been obtained by carrying out
the reduction of graphene oxide with hydrazine hydrate in the
presence of poly(sodium-4-styrenesulfonate) or KOH.P%120%]
Sonication of 7,7,8,8-tetracyanoquinodimethane (TCNQ)-
treated expanded graphite, followed by centrifugation!'
and reduction of the resulting sulfonated graphene oxide
with hydrazine,'™¥ yields water-soluble graphene. TCNQ-
anion stabilized graphene is also soluble in DMF and dimethyl
sulfoxide (DMSO; Figure 35). Basal-plane hydrogenation of
graphene has been carried out by using hydrogen atoms
generated in situ by electron-induced dissociation of hydro-
gen silsesquioxane.'”!! Hydrogenation proceeds at a higher
rate for single-layer graphene than bilayer graphene demon-
strating the enhanced chemical reactivity of single-layer
graphene. This enhance reactivity was also indicated by
Raman spectroscopy (Figure 36). Functionalized graphite
platelets comprising 6 to 23 graphene sheets have been
prepared by the reductive alkylation of fluorinated graphite.
The functionalized platelets are soluble in CHCl;, CH,Cl,,
DMF, DMSO, and benzene.'"”! Exfoliation of isocyanate-
treated graphite oxide gives functionalized graphene oxide
platelets, which are soluble in polar aprotic solvents.'”
Chemical modification of graphene has been accomplished
by several other means which include functionalization with a
porphyrin,'?* with an ionic liquid,"** and electrochemically.
Dodecylated nanographite which is soluble in nonpolar
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Figure 35. Aqueous graphene dispersions stabilized with TCNQ anion.
a) Expanded graphite. b) TCNQ-intercalated expanded graphite (with
the aid of DMSO). c) TCNQ-anion-stabilized graphene in water by
sonication. d) Photograph of TCNQ anion adsorbed graphene dis-
persed in water, DMF, DMSO. (From Ref. [120b].)
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Figure 36. Optical micrograph of electron-beam patterned graphene

containing single (1L) and bilayers (2L) and the corresponding Raman
spectra before (pristine) and after hydrogenation. (From Ref. [121].)

solvents has been obtained starting from potassium graph-
ite9, Molecular dynamics simulation studies show that
pristine graphene sheets agglomerate in nonpolar media
whereas graphene sheets functionalized at the edges with
short branched alkanes yield stable dispersions.">

Controlled cutting of graphene sheets, using nickel nano-
particles as a “knife” has been described.'® The cutting
proceeds by catalytic hydrogenation of the graphene lattice,
and can generate graphene pieces with specific zigzag or
armchair edges (Figure 37).

7. Decoration with Metal and Metal Oxide
Nanoparticles

Carbon nanotubes decorated with metal nanoparticles are
expected to be useful in catalysis, nanoelectronics, optics, and
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Figure 37. a) Nanocutting of graphene by SEM. The cutting starts at
step sites and the nanoparticles end up at the end of the cut channels.
b) Monte Carlo simulations of the formation of a zigzag-edged
channel. ¢) STM images of nano-channels in different directions.

d) Magnified image with atomic resolution showing the crystallo-
graphic orientation of graphene. Inset: graphite crystal structure.
(From Ref. [126].)

nanobiotechnology.'*! Graphene can be decorated with
nanoparticles of metals such as Au and Pt.'?”) Decoration
can be carried out in a single step by the polyol reduction
method using chloroplatinic acid, silver nitrate, or chloroauric
acid as the metal precursors.'*!*! On coating with the metal
particles, the intensity of the Raman D band increases while
that of the 2D band decreases, which is an effect of Columbic
charge transfer from the metal nanoparticles. Graphene has
also been decorated with Au, Pt, and Pd nanoparticles in a
water/ethylene glycol system using graphene oxide as the
precursor.'”! Metal nanoparticles adsorbed on graphene
oxide sheets, play a role in the catalytic reduction of graphene
oxide with ethylene glycol. Copper nanoparticles have been
coated with protective shells of graphene by employing
reductive flame synthesis.'*”) Graphene-coated copper nano-
particles can be used as air-stable substitutes for silver and
gold in low-cost ink-jet-printable electronics. Platinum nano-
particles deposited on graphene can be used to prevent the
aggregation of sheets during the reduction of graphene
oxide.[*!

Few-layer graphenes can be etched along crystallographic
axes by thermally activated metallic nanoparticles, a process
that can be useful for construction of integrated circuits.'*

Ultrathin layers of Al,O; can be uniformly deposited on
graphene that is noncovalently functionalized with carboxyl-
ate-terminated pyrene molecules (Figure 38).%3 Co,0, nano-
particles have been deposited on exfoliated graphite oxide
sheets by stirring a mixture of exfoliated graphite oxide and
cobalt nitrate hexahydrate in n-hexanol and then heating."**
TiO,-graphene nanocomposites are obtained by photocata-
lytic reduction of graphite oxide.!**!
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Figure 38. AFM images of graphene on SiO, a) before and b) after
atomic layer deposition (ALD) of Al,O;. The height profile shows the
thickness of the triangular shaped graphene is approximately 1.6 nm
before deposition and approximately 3 nm after deposition. c),d) Sche-
matic representations of graphene on SiO, c) before and d) after ALD.
Scale bar: 500 nm. (From Ref. [133].) PTCA=3,4,9,10-perylene tetracar-
boxylic acid.

8. Properties
8.1. Magnetic Properties

Magnetism in carbon-based materials with networks of sp?
hybridized carbon atoms has been controversial because of
possible contamination with magnetic impurities. It has been
noted, however, that edges in graphene ribbons play a crucial
role in determining the electronic structure,’! the zigzag
edges with nonbonding-electrons giving rise to the edge
states. The structure and electronic properties of nanogra-
phite particles and ribbons have been studied by a few
workers to demonstrate the importance of edge
states.** 13157l Paramagnetism as well as certain other mag-
netic features including spin-glass behavior and magnetic
switching phenomena have been observed in nanographite
particles.[* 13613l Hydrogenated nanographite is predicted to
show spontaneous magnetism.'*®! Magnetic properties of
nanographite or nanographene have been reviewed by
Enoki et al.l®** and the main message is that the edge
states as well as of adsorbed or intercalated species play an
important role in determining the magnetic properties.
Adsorption of different guest molecules on graphene gives
rise to a reversible low-spin/high-spin magnetic-switching
phenomenon which depends on the nature of the guest
species. Enoki et al. suggest that the unusual properties of
nanographite may be tailored by cutting in certain directions.
Theoretical studies have shown the existence of a ferromag-
netically ordered ground state in the zigzag edges and also the
importance of the crystallographic nature and of the possible
half-metallicity of graphene.*?! Zigzag edges longer than
three to four repeat units are predicted to be magnetic
irrespective of whether the edges are regular or irregular.['**
Stacking faults and other defects can also impart ferromag-
netism and antiferromagnetic features in graphene.!'**"
According to a geometric rule for nanomagnetism, parallel
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spins give rise to ferromagnetism whereas antiparallel spins
cause antiferromagnetism.* Room-temperature ferromag-
netism has been reported recently in graphene and it is
believed to come from defects.'"! Enoki etal.* have
demonstrated how the magnetoresistance of nanographite is
significantly affected by adsorption of oxygen.

Magnetic properties of the few-layer graphenes EG
(prepared by exfoliation of graphite oxide), DG (prepared
by the conversion of nanodiamond), and HG (prepared by the
arc evaporation of graphite) have been compared.'*” In
Figure 39, we show the temperature dependence of magnetic
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Figure 39. Temperature dependence of the magnetic moment of
graphenes (EG, DG, HG) at a field of 500 Oe. (From Ref. [147].)

susceptibility for the three samples. The graphenes show
Cuire—Weiss type behavior, similar to activated carbon fibers,
with a negative Weiss temperature. There is divergence
between field-cooled (FC) and zero-field-cooled (ZFC) data
at low fields, this divergence disappears at high fields.
Furthermore, there is magnetic hysteresis at 300 K. Typical
hysteresis curves of the three samples are shown in Figure 40.
The magnetization decreases markedly on adsorption of
electron-donor molecules. HG shows the highest magnet-
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Figure 40. Magnetisation (M) versus filed strength (H) hysteresis
loops of different graphene samples (EG, DG, and HG) measured at
300 K. Inset: hysteresis loop at 5 K. (From Ref. [147].)
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ization and Weiss temperature. It is noteworthy that HG has
the smallest number of layers and also the smallest surface
area thus indicating that edge states and/or defects play a role.
AC susceptibility data do not show any frequency dependence
thus ruling out spin-glass behavior in these graphene samples.
It appears that antiferromagnetic and ferromagnetic inter-
actions coexist in graphene, with the ferromagnetic clusters
growing with increasing applied magnetic field. Clearly, more
detailed studies on the magnetic properties of well-charac-
terized graphene samples are necessary, and it is essential to
ensuring that there are absolutely no magnetic impurities in
the sample. The electronic and magnetic properties of
graphene would be affected by depositing magnetic nano-
particles and this aspect also requires further study.

8.2. Electrical and Electrochemical Properties

Few-layer graphenes and nanographite particles show
semiconducting or insulating behavior with their resistance
showing little change in the range 100-300 K. The resistivity
increases sharply below 50 K and decreases markedly if the
graphene is heated to high temperatures. Thus, graphene
nanoribbons obtained from exfoliation of graphite show
semiconducting properties. Graphene nanoribbons are pre-
dicted to be half-metallic. This behavior should be realizable
if in-plane homogeneous electric fields are applied across
zigzag edges." Graphene sheets prepared from graphite
oxide show well-behaved field-effect transistor (FET) proper-
ties.?*»14 The charge carrier mobility for electrons and holes
is of the order 10 cm?V~'s L1411 1t {5 remarkable that field-
effect transistor properties are found even though the samples
have defects. FETs have been fabricated with nanoribbons
with an on—off ratio of 10 at room tempereature.'™ The
nanoribbon (less than 10 nm wide) FETs exhibit properties
comparable to carbon nanotubes (CNTs).'"!l The saturation
velocity of graphene FETs depends on the charge-carrier
concentration, this dependence is because of the scattering of
interfacial phonons in the silica layer.®? Electrostatic mod-
ulation gives rise to transconductances as high as
150 pS pm .12

Fabrication of graphene-based transparent and conduc-
tive thin films has been carried out by thermal reduction of
graphite oxide.'™! These films are similar to HOPG in their
electronic and structural properties. Reaction with atomic
hydrogen transforms graphene, which is a conductive zero-
overlap semimetal, into an insulator."> The reaction is
reversible and the original properties of graphene are
restored on annealing.

The optical conductivity of graphene has been measured
on a silica substrate for photon energies between 0.2 and
1.2 eV and the properties explained on the basis of non-
interacting massless Dirac fermions.'” Graphene nanorib-
bons appear to exhibit high magnetoresistance, which may
enable the design of spin-valve devices.'” Recently, the
room-temperature thermal conductivity of graphene has been
measured by using a non-contact optical-based technique. It
has shown that the conductivity reaches values of up to
(5.30£0.48) x 10° WmK~.[1%7)
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A graphene-based superconducting transistor has been
reported.l”® Although graphene is not superconducting by
itself, when placed between superconducting electrodes it
shows supercurrents over short distances because of the
Josephson effect. By employing the non-equilibrium Green’s
function method, the transmission of superconductor—graph-
ene-superconductor junctions has been examined theoret-
ically.™™ Palladium sheets sandwiched between graphene
sheets give rise to a superconducting transition around
3.6 K. In this case the superconductivity occurs in the
palladium sheets.

The electrochemical properties of different graphenes
(EG, DG, and CG, see above for definitions) have been
investigated using the redox reactions with potassium ferro-
cyanide. Out of the three graphenes, EG shows a behavior
similar to the basal plane in graphite whereas DG and CG
show slightly faster kinetics.“'¥ Vivekchand et al.'®! have
investigated different graphene samples as electrode materi-
als for electrochemical supercapacitors using aq. H,SO, and
an ionic liquid (N-butyl-N-methylpyrrolidinium bis(trifluor-
omethanesulfonyl)imide; PYR,TFSI) as electrolytes.'*!¢
EG and DG exhibit high specific capacitance in aq. H,SO,,
with the values reaching up to 117 and 35 Fg ™!, respectively.
The voltammetric characteristics of a capacitor built from
graphene electrodes (5 mg each) in aqueous H,SO, (1m) is
shown in Figure 41a and b. By using the ionic liquid, the
operating voltage can be extended to 3.5 V (instead of 1 V in
the case of aq. H,SO,), the specific capacitance values are 75
and 40Fg™' for EG and DG, respectively. In aqueous
medium, high-surface-area graphite prepared by ball-milling
showed a large specific capacitance of 33 uFcm ™2, which
might be due to the large open surface area, lattice defects,
and oxygen functional groups present in the sample.*?

Chemically modified graphene sheets obtained by the
reduction of graphene oxide with hydrazine have also been
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Figure 41. a) Voltammetric characteristics of a capacitor built from
different graphene electrodes (5 mg each) at a scan rate of 100 mV's
in aqueous H,SO, (1 M) and b) specific capacitance as a function of
scan rate. (From Ref. [161].)
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investigated as electrode materials in supercapacitors.!*!
Graphene nanosheets show a high lithium-storage capacity,
with values reaching 540 mAhg™', which is interesting for
lithium secondary batteries. By incorporating CNTs and C,
this value can be extended up to 730 mAhg' and
784 mAhg™!, respectively.'! Photovoltaic devices have
been fabricated with a bulk hetero-junction (BHJ) architec-
ture by employing solution-processible graphene as an
electron-acceptor material. A power conversion efficiency
of 14% is obtained using simulated 100 mWem™ AM 1.5 G
illumination."® The optical transparency and conductivity of
graphene can be exploited for many photonic devices. Thus,
liquid-crystal devices with electrodes made of graphene show
excellent performance with a high contrast ratio.'*® Con-
ducting films of graphene for solar-cell applications can also
be prepared by a bottom-up approach.l”?l Polymer photo-
voltaic cells based on solution-processable graphene have
been reported.[1”!

8.3. Surface and Sensor Properties

Single-layer graphene is predicted to have a large surface
area close to 2600 m?g "'l Surface areas of different few-
layer graphene samples have been measured by the Bruna-
uer—-Emmett-Teller (BET) method and are in the range of
270-1550 m*g~'. Thus, few-layer graphenes show large sur-
face areas, some of them approaching the value of single layer
graphene.

Hydrogen-uptake data of different graphene samples
have been reported.'® In Figure 42a, H, adsorption and
desorption curves of the EG are shown. H, adsorption
measurements at 1 atm and 77 K show that DG, EG, and HG
can absorb 1.2, 1.7, and 1.0 wt %, respectively, of H,. These
samples show higher uptakes at 100 bar and 300 K, the values
being 2.5, 3.1, and 2.0 wt % for DG, EG, and HG, respectively.
The adsorption is completely reversible and comparable to
that of carbon nanotubes'™ and porous open-framework
materials.'® The values of the H, uptake at 1 atm and 77 K
by the various graphene samples vary linearly with the surface
area. By extrapolation of the linear plot to the surface area of
single-layer graphene, we estimate its H, uptake to be around
3wt % at 1 atm and 77 K. Though the H, uptake of graphenes
are low compared to the 6.0 wt % target of the US Depart-
ment of Energy, there is scope for significant improvement, by
producing samples with a smaller number of layers and higher
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Figure 42. a) H, adsorption isotherms of EG at 1 atm and 77 K. b) CO,
adsorption isotherms of EG at 1 atm and 195 K. (From Ref. [169].)
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surface areas. It is possible that single layer graphene will
exhibit 5-6 wt % of H, uptake at 100 atm and 300 K. First-
principles calculations show that the H, molecules sit alter-
nately parallel and perpendicular to the six-membered rings
of graphene layer and that single-layer graphene can accom-
modate up to 7.7 wt% of hydrogen.!'*’)

The uptake of CO, by few-layer graphenes at 1 atm and
195 K is found to go up to around 35 wt %. Figure 42b shows
typical CO, adsorption and desorption curves of the EG
sample. First-principles calculations show that CO, molecules
sit alternately in a parallel fashion on the six-membered rings
giving a maximum uptake of 37.9 wt % in the case of single-
layer graphene."® Employing first-principles calculations,
adsorption of different gas molecules (CO, NO, NO,, O,, N,,
CO,, and NH;) on graphene nanoribbons has been stud-
ied.">11% 1t is shown that NH, can modify the conductance of
the nanoribbons, while other gas molecules have little effect.
This property can be used to detect NH; in a mixture of the
other gases.l”!)

Gas-sensor properties of graphene have been examined
by a few groups. For example, it has been shown that
mechanically exfoliated graphene flakes can detect a single
molecule of NO,.' Rangel et al."7* theoretically predict the
potential application of graphene acting as a sensor of single
molecules. Reduced graphene oxide has been shown to be a
good sensor achieving sensitivities at parts-per-billion levels
for chemical warfare agents and explosives.!'’””! By adjusting
the reduction process, the response and recovery character-
istics of the conductance response can be tailored. Sensitivity
of chemically converted graphene for the detection of NO,,
NH,, and dinitrotoluene has been investigated.'” The
primary mechanism of the chemical response is charge
transfer, the electrical contacts play only a limited role.
DFT calculations show that aluminum-doped graphene
strongly chemisorbs CO molecules forming AI-CO bonds,
thus aluminum-doped graphene is expected to be a potential
candidate for the detection of CO.'"”). Ghosh et al.l'’*! have
studied the sensor characteristics of thick films made of few-
layer graphenes for NO,, H,O, and aliphatic alcohols. Good
sensitivities for NO, and H,O have been found and the
sensitivity is affected by boron or nitrogen doping. Chemically
modified graphene has been used in bioelectronics as a sensor
at both the microbial and the molecular level.' It can act as
an interface to recognize single bacteria, a label-free,
reversible DNA detector, and a polarity-specific molecular
transistor for protein/DNA adsorption. The gas-sensing
properties of graphene sheets deposited on LiTaOj; substrates
have been investigated."™™ The possibilities of single-layer
graphene to act as a mass sensor and an atomic dust detector
have also been indicated.”® Glucose sensors based on
graphene have been reported.®?*®! FETs of solution-gated
epitaxial graphene can be used as a pH sensor.!'s*!

8.4. Binding of DNA Nucleobases and Nucleosides
By employing isothermal titration calorimetry, Varghese
et al."™! have investigated the interaction of graphene with

DNA nucleobases and nucleosides. The order of interaction
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energies of the nucleobases varies as guanine (G) > adenine
(A) > cytosine (C)~thymine (T) in aqueous solution, the
positions of C and T seem to be interchangeable. Nucleosides
also follow the same trend and the interaction energies of A—
T and G-C pairs are somewhere between those of the
constituent bases. Theoretical calculations including van der
Waals interaction and solvation energy give the trend as
G>A=T>C.

9. Polymer Composites

There has been some significant work on graphene-
polymer composites. Processing of nanographene platelets to
produce composites has been briefly reviewed by Jang
et al.l'® Polyacrylonitrile nanofibers reinforced by graphite
nanoplatelets have been prepared and have improved
mechanical properties."™*! Hansma et al.l'*! indicated how a
combination of adhesives and high-strength structures such as
graphene and carbon nanotubes can yield strong, light-
weight, and damage-resistant materials. Ramanathan
et al."®! reported that 1wt% of functionalized graphene
sheets in poly(acrylonitrile) increases the glass transition
temperature (7,) of the polymer by over 40 °C and an increase
of nearly 30°C is observed with only 0.05 wt % of graphene in
poly(methyl methacrylate) (PMMA). An addition of approx-
imately 1 wt% of graphene to PMMA leads to increases in
the elastic modulus by 80% and in the ultimate tensile
strength by 20%. A comparative study by these workers
shows that among all the nano-filler materials considered,
single-layer functionalized graphene gives the best results.
Das et al® have studied the mechanical properties of
polyvinyl alcohol (PVA) and PMMA composites reinforced
by functionalized few-layer graphene by employing the nano-
indentation technique. The addition of 0.6 wt% of the
graphene results in as significant increase in both the elastic
modulus and hardness (Figure 43). The crystallinity of PVA
also increases with the addition of few-layer graphene. The
observed improvement in the mechanical properties of the
polymers is suggested to arise from the good mechanical
interaction between the polymer and the few-layer graphene
which in turn provides better load-transfer between the
matrix and the fiber.
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Figure 43. Normalized a) hardness (H) and b) elastic modulus (E)
plotted as a function of graphene content for PVA and PMMA
composites. (The pristine values of PMMA and PVA are
Epmma = 2.1 GPa, Hpyya =140 MPa, Epy,=0.65 GPa, and

Hpa =38 MPa). (From Ref. [187].)
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Epoxy composites of few-layer graphene show very
interesting properties which are useful for the development
of thermal interface materials for electronic packaging and
advanced composites.'®! A loading of nearly 25vol% of
graphene into epoxy matrix enhances the thermal conductiv-
ity by more than 3000 %, which surpasses the performance of
conventional fillers which require a loading of nearly 70 vol %
to achieve this value. A graphene-Cg, hybrid material has
been synthesized by chemically coupling graphene oxide and
pyrrolidine fullerene.'®! Graphene membranes of 100 um
diameter have been prepared."™! They exhibit high stiffness
and support large loads. An atomic simulation has been
employed to investigate the elastic properties of single-layer
graphene.”!! Metal nanoparticles have been mechanically
entrapped between graphene sheets to facilitate better
contact between the particles and the polymer matrix.!'"?

Transparent and electrically conductive graphene-silica
composite films were fabricated by employing a simple sol-
gel route. In this process, graphene oxide sheets are incorpo-
rated into silica sols followed by spin-coating, chemical
reduction, and thermal curing."™ Polystyrene—graphene
composites exhibit a percolation threshold of 0.1 V% for
room temperature electrical conductivity, with a conductivity
of 0.1Sm™" at only 1V%.! Electrically conducting gra-
phene paper is not only biocompatible but also mechanically
strong.® The paper is prepared by the directional flow-
induced assembly of graphene sheets dispersed in solution.

10. Outlook

Herein we have highlighted the important aspects of the
chemistry of graphene which have attracted attention in the
last two to three years. Many challenges remain, the ability to
synthesize graphenes with the desired number of layers on a
large scale being the foremost. We still need exact methods
for the synthesis just as we need exact procedures for
definitive characterization of graphenes with different num-
bers of layers. Many properties of graphene are not fully
understood, magnetic properties being one of them. Magnetic
properties of samples have to be measured after ensuring that
there is absolutely no trace of magnetic impurities. Changes in
the various properties of graphene with the number of layers
need to be investigated.

There are indications that some applications of graphenes
are possible, sensors, transistors and solar cells being exam-
ples. The extraordinary sensitivity of the electronic structure
of graphene to doping and such characteristics should be
useful in certain applications. The mechanical properties of
graphene—polymer composites containing other additives,
such as carbon nanotubes, could be of great interest. The
toxicological aspects of different graphene samples need to be
examined. Modified graphenes (e.g., graphenes in which
carbon atoms are replaced extensively by boron or silicon
atoms) as well as inorganic graphenes formed by layered
materials, such as MoS,, are likely to be rich areas for
investigation.

An interesting question arises if silicene, a monolayer of
silicon atoms tightly packed into a two-dimensional honey-
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comb lattice, exists. If it does, it will reveal fascinating new
physics and will be an excellent candidate for nanoelectronics,
smoothly integrating with the present silicon microtechnol-
ogy. A recent report by Kara et al."” claims to have achieved
epitaxial growth of silicene stripes self-aligned in a parallel
array on an anisotropic silver (110) surface. These results are
yet to be reproduced by other groups. In the meantime,
Sheka,™ based on quantum-chemical calculations, has
argued against the existence of silicene. It will be exciting to
see if silicene does exist.
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