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Strategies for the Synthesis of Graphene,
Graphene Nanoribbons, Nanoscrolls and
Related Materials
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Abstract: Single-layer graphene (SLG), the 3.4 A thick two-dimensional sheet of sp? carbon atoms, was first
prepared in 2004 by mechanical exfoliation of graphite crystals using the scotch tape technique. Since then,
SLG has been prepared by other physical methods such as laser irradiation or ultrasonication of graphite in liquid
media. Chemical methods of synthesis of SLG are more commonly used; the most popular involves preparation
of single-layer graphene oxide followed by reduction with a stable reagent, often assisted by microwave heating.
This method yields single-layer reduced graphene oxide. Other methods for preparing SLG include chemical
vapour deposition over surfaces of transition metals such as Ni and Cu. Large-area SLG has also been prepared
by epitaxial growth over SiC. Few-layer graphene (FLG) is prepared by several methods; arc discharge of graphite
in hydrogen atmosphere being the most convenient. Several other methods for preparing FLG include exfoliation
of graphite oxide by rapid heating, ultrasonication or laser irradiation of graphite in liquid media, reduction of
few-layer graphene oxide, alkali metal intercalation followed by exfoliation. Graphene nanoribbons, which are
rectangular strips of graphene, are best prepared by the unzipping of carbon nanotubes by chemical oxidation
or laser irradiation. Many graphene analogues of inorganic materials such as MoS,, MoSe, and BN have been
prepared by mechanical exfoliation, ultrasonication and by chemical methods involving high-temperature or
hydrothermal reactions and intercalation of alkali metals followed by exfoliation. Scrolls of graphene are prepared
by potassium intercalation in graphite or by microwave irradiation of graphite immersed in liquid nitrogen.
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1. Introduction

Although graphene has been a subject
of interest for several decades, its isolation
became possible only recently, by simple
micromechanical exfoliation of graphite
flakes using scotch tape.l!l After this dis-
covery in 2004, several methods have been
employed for the preparation of single-
and few-layer graphenes. These methods
include both physical and chemical ap-
proaches. Other than the micromechanical
method, the other physical methods for the
synthesis of single-layer graphene (SLG)
include ultrasonication of dispersion of
graphite in liquids, and laser irradiation.[?!
Many of the strategies for the synthesis
of SLG involve oxidation of graphite to
graphite oxide (GO) followed by exfolia-
tion and reduction. Sonochemical exfolia-
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tion of GO yields single-layer graphene
oxide (SGO) which on chemical reduc-
tion gives reduced graphene oxide (RGO).
This is the most commonly used method.5!
Exfoliation of alkali metal ion intercalated
graphite also yields SLG.M Other chemi-
cal methods are chemical vapour deposi-
tion (CVD) over transition metal surfaces
and epitaxial growth on SiC substrate.2b!
Several methods have been employed for
the synthesis of few-layer graphene (FLG)
containing 2-10 layers. Thus, thermal
exfoliation and reduction of GO by rapid
heating above 1000 °C yields FLG.51 Other
physical methods include arc discharge of
graphite in hydrogen atmosphere (HG)
and conversion of diamond to graphene in
a helium (DG).11 Pyrolysis of aerosols and
laser-induced reduction of graphene oxide
have also been carried out to obtain FLG.

In this article, we briefly present the
various strategies to prepare single- and
few-layer graphene by both physical and
chemical methods. We then examine the
synthesis of graphene nanoribbons (GNR)
which have unique electronic and magnetic
properties. The most commonly used meth-
od for the synthesis of GNRs involves un-
zipping carbon nanotubes by oxidation.[”]
Recently, unzipping of nanotubes has
been achieved using laser irradiation.[8]
Synthesis of graphene nanoscrolls derived
from graphene or graphite by rolling up of
a single sheet or a few sheets of graphene
will also be discussed. The synthesis of
graphene analogues of layered inorganic
materials such as boron nitride and lay-
ered transition metal chalcogenides will
be briefly outlined.

2. Single-layer Graphene

Single-layer graphene, the 3.4 A thick
two-dimensional sheet of sp? carbon at-
oms, is transparent. It is readily character-
ized by atomic force microscopy (AFM),
Raman spectroscopy and other techniques.
Single-layer graphene cannot be stored as
a solid since it converts to graphite. It is,
therefore, necessary to deposit SLG on a
solid substrate or keep it as a dispersion
in solvent.

2.1 Physical Methods

2.1.1 Micromechanical Exfoliation
Overlap of p, or 7 orbitals perpendicu-
lar to the plane of the graphene sheet (via
van der Waals interaction) leads to the
stacking of sheets in graphite. Graphite
therefore has weak bonding in the direc-
tion perpendicular to the plane of the
sheets. Exfoliation is the reverse of stack-
ing involving peeling off of the layers
from graphite. Single-layer graphene was
obtained by Noveselov et al.ll91 using

scotch tape to peel off graphene layers
from highly oriented pyrolytic graphite
(HOPG). They pressed patterned HOPG
square meshes on a photoresist spun over
a glass substrate and peeled off the layers
using scotch tape. The scotch tape method
was later modified to peel off few layers of
graphene and deposit on a solid substrate
such as a SiO, (300 nm)/Si. Manipulation
of graphene sheets have been achieved us-
ing AFM and STM tips.[101 The degree of
folding of the sheets can be modulated by
changing the bias voltage and the distance
between the tip and the sample.[101]
Optical contrast of single-, bi- and few-
layer graphene is different on different
substrates arising from interference of the
reflected light beam at the air-to-graphene,
graphene-to-dielectric and dielectric-to-
substrate interfaces.[!!] Fig. 1a shows the
optical image of one-, two-, three- and
four-layer graphene on Si substrates with
285 nm SiO,. The thickness of graphene
layers is directly probed by atomic force
microscopy (AFM) in the tapping mode
and the number of layers can be directly
calculated from interlayer distance in
graphite.l2] Fig. 1b shows the AFM image
of one-, two- and five- layered graphene
on SiO,/Si substrate.l'! Scanning tunnel-
ing microscopy (STM) and transmission
electron microscopy (TEM) provide high
resolution images of graphene. Raman
spectroscopy is a non-destructive tool that
provides valuable information about the
structural and electronic characteristics of
graphene.!2] Fig. 1c shows typical Raman
spectra of one-, two-, three- and four-lay-
ered graphene. The Raman spectrum of
graphene consists of three major bands the
defect-induced D-band (1300 cm™) band,

G-band (1580 cm™) due to the in-plane vi-
brations of the sp* carbon atoms and the
2D band (2700 cm™) that results from a
second-order process.['3] The 2D band
broadens with increasing number of layers
as shown in Fig. 1d.114

2.1.2 Exfoliation in Solvents

Single-layer graphene can be obtained
by solvent-phase exfoliation of graph-
ite in solvents like N-methylpyrrolidone
(NMP).[151 The energy required to exfoli-
ate graphene must be comparable to the
solvent-graphene interaction for exfolia-
tion to occur. The energy required to initi-
ate exfoliation is provided sonochemically.
Dispersion of graphene with concentra-
tions up to 0.01 mg ml™' are obtained by
this method. Fig. 2a shows the disper-
sion of graphene in NMP with decreas-
ing concentrations of graphene (A to E).
Graphene thus obtained is mostly single-
and bi-layer. Graphene can be dispersed in
perfluorinated aromatic solvents,!'%! ortho-
dichlorobenzenel!”! and even in low-boil-
ing solvents such as chloroform and iso-
propanol.l'81 A TEM image of a large area
single-layer graphene is shown in Fig. 2b.
The inset shows the enlarged view of the
highlighted region where the sheet is fold-
ed to reveal it is indeed made up of mono-
layer.['7] Hernandez et al.'9 have shown
that good solvents for graphene can be
characterized by Hildebrand and Hansen
solubility parameters.

Laser irradiation of graphite powder
in a polar medium such as dimethylfor-
mamide (DMF) readily gives rise to single-
as well as few-layer graphenes. A disper-
sion of graphite in DMF when irradiated
by a Lambda Physik KrF excimer laser (y
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Fig. 1. (a) Optical im-
age of one-, two-,
three- and four-
layered graphene

on SiO, (285 nm)/Si
substrate (reprinted
with permission from
ref. [14]. Copyright
American Chemical
Society, 2007), (b)
AFM image of gra-
phene sheet with

(d) thickness 0.8 nm
(one-layer), 1.2 nm
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M nm (five-layers) (mod-
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2D band (reprinted
with permission from
| Soa— ref. [14]. Copyright
American Chemical
Society, 2007).
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Fig. 2. (a) Dispersions of graphite flakes in NMP, at a range of concentra-
tions ranging from 6 pug/ml (A) to 4 ug/ml (D) and (E) after centrifugation
(reprinted with permission from ref. [15]. Copyright Nature Publishing
Group, 2008), (b) TEM image of graphene obtained by solvent-phase
exfoliation (reprinted with permission from ref. [17]. Copyright American
Chemical Society, 2009). Inset shows the selected region, and (c) TEM im-
age of ultrathin graphene obtained by laser exfoliation of graphite in DMF.

hydrazine monohydrate do not. Chemical
reduction of SGO using hydrazine hydrate
gives well dispersed single layer graphene
sheets.[3b-e.21.221 Other reducing agents used
are phenyl hydrazine,?3'hydroxylamine,[24]
glucose,[23] ascorbic acid,20] hydroqui-
none,l271 alkaline solutions,[28] pyrrolel29]
etc. Fig. 3a shows an AFM image of typical
single layer RGO sheets. The conductivity
of RGO is considerably higher (10? times)
than that of graphene oxide. The Raman
spectrum of RGO shows a strong D band
due to the presence of hydroxyl and other
groups on the surface. Single-layered RGO
exhibits a very weak 2D band compared to
the strong 2D band in mechanically exfoli-
ated single-layer graphene. Fig. 3b com-
pares the Raman band intensities of D, G,
and 2D bands for mechanically exfoliated
graphene with RGO.

Oxygen functionalities in SGO can al-

=248 nm, T = 30 ns) at a fluence of 1.5 J/
cm? and 5Hz repetition rate for 1 hour fol-
lowed by centrifugation results in a mix-
ture of single- and few-layer graphenes.
TEM image of the supernatant liquid in
Fig. 2c shows the presence of an ultra-thin
graphene flake.

2.2 Chemical Methods

Though mechanical and sconochemical
exfoliation produces graphene of the high-
est quality (with least defects), the method
is limited by low productivity. Chemical
exfoliation, on the other hand, possesses
advantages of bulk scale production.

2.2.1 Reduction of Graphene Oxide
Ultrasonication of graphite oxide in so-
lution yields single-layer graphene oxide
(SGO).B The interlayer spacing increases
from 3.7 A in graphite to 9.5 A in GO mak-
ing it easier to carry out exfoliation by mild
sonication in solvents. Strong oxidizing
agents like KMnO, and NaNO, in H,SO /
H,PO, are used to prepare GO by the stan-
dard Hummers method.2<l Single-layer
reduced graphene oxide (RGO) is prepared
through chemical, thermal, or electro-
chemical reduction.?91 Most strong reduc-
ing agents such as NaBH, strongly react
with water while weak reducing agents like

so be minimized by irradiation with ultra-
violet radiation or excimer laser. Solution
of SGO when irradiated with light from
mercury lamp (254 nm, 25W, 90 uW/cm?)
shows considerable decrease in oxygen
containing functional groups like carbon-
yl.B% Laser irradiation of SGO solution
with a KrF excimer laser (248 nm, 5 Hz)
for 2 h also shows similar effects. This
technique has been successfully used to la-
ser pattern graphene sheets onto substrates
with a TEM grid as the mask. A schematic
of the process of laser reduction is shown
in Fig. 4a. Fig. 4b shows the optical im-
age of the pattern obtained after reduction
with excimer laser.30 E-beam induced pat-
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Fig. 3. (a) AFM image and height profile of RGO (reprinted with permis-
sion from ref. [24]. Copyright American Chemical Society, 2011), (b)
Raman spectrum of SLG obtained from micromechanical cleavage,
reduction of GO and CVD over Ni surface. Green, blue and the orange
regions show the D, G and 2D band positions respectively and (c) TEM
image of single layer graphene obtained from methane over Ni surface
(reprinted with permission from ref. [2b]. Copyright IOP Publishing, 2010).

Fig. 4. (@) Schematic diagram illustrating masked laser patterning, (b)
Optical microscopic image of the pattern achieved after excimer laser re-
duction of graphene oxide® and (c) electron-beam pattern with 240 nm
wide lines of RGO on GO films (reprinted with permission from ref. [31]).
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terning of graphene oxide films yield RGO
patterns as thin as 240 nm (see Fig. 4¢).[31]

2.2.2 Chemical Vapour Deposition

Chemical vapour deposition yields
high quality single-layer graphene. The
method is not only inexpensive but also
readily accessible. Transition metal sub-
strates such as Ni,[321 Pd,[33] Ru,[34] Ir35] or
Cul3¢l are used as substrates to deposit gra-
phene. Upon exposure to hydrocarbons at
high temperatures the transition metal sur-
face becomes saturated with C. On cooling
under inert or H, atmosphere, the solubility
of the carbon in the substrate decreases and
a thin film precipitates on the surface.37]
Different hydrocarbons such as methane,
ethylene, acetylene and benzene have
been decomposed on various transition
metal substrates like Ni, Cu, Co, Au and
Ru.2l The number of layers varies with
the hydrocarbon, transition metal and the
reaction parameters such as flow rate and
temperature. Fig. 3c shows a large flake
of SLG prepared on a Ni substrate with
methane at 1000 °C. Graphene prepared
by this method is highly pure. The Raman
spectrum of CVD graphene shows an al-
most inconspicuous D band, sharp G and
2D bands (see Fig. 3b).2I The 2D band,
the key feature in mechanically exfoliated
SLG, is equally prominent in CVD gra-
phene. The graphene can be transferred to
other substrates by etching of the underly-
ing transition metal. Radio frequency plas-
ma enhanced chemical vapour deposition
(PECVD) system has also been used to
synthesize graphene on various substrates
such as Si, W, Mo, Zr, Ti, Hf, Nb, Ta, Cr,
stainless steel, SiOZ and A1203.[381

Gram quantities of single layer gra-
phene have been produced by the pyrolysis
of ethanol trapped in metal alkoxides.3%]
An alcoholic solution of the metal un-
der solvothermal conditions entraps free
ethanol in a clathrate-like structure in the
metal-alkoxide. This is then pyrolized to
yield a fused array of graphene sheets, and
sonicated to obtain single-layer graphene.
Ternary potassium salt K(THF) C,, are
used to intercalate potassium into graph-

ite. K-intercalated graphite readily exfoli-
ates in NMP without any vigorous reaction
to yield a dispersion of negatively charged
single-layer  graphene.[¥l Noncovalent
functionalization and solubilization of
graphene in water along with direct exfo-
liation is possible by employing the po-
tassium salt of coronene tetracarboxylic
acid (CS) to yield monolayer graphene-CS
composites. 40!

3. Few-layer Graphenes

For many applications, few-layer gra-
phene samples with two or three layers
may suffice. Few-layer graphenes are eas-
ily prepared and can also be stored.

3.1 Physical Method

3.1.1 Thermal Exfoliation of GO
Graphite oxide undergoes thermal
expansion and exfoliation into individ-
ual sheets by rapid heating (>200 °C/
min) to ~1000 °C through evolution of
CO,.I5! Because of rapid heating, the de-
composition rate of epoxy and hydroxyl
groups exceeds the rate of diffusion of the
evolved gases like CO, and H,O generat-
ing pressures enough to overcome the van
der Waals forces holding the graphene
sheets together. Graphene sheets exfoli-
ated in this manner (exfoliated graphene
or EG) are generally wrinkled and pos-
sess defects. Because of wrinkling, the
sheets do not collapse and restack back
to graphite and remain as agglomerated
lumps of few-layered graphene. A FESEM
image of such a lump of EG is shown in
Fig. 5a. The wrinkled nature of the gra-
phene is clearly seen. The TEM image in
Fig. 5b shows a large sheet of few-layer
thick graphene. Commercial expandable
graphite also undergoes exfoliation by
heating at 1000 °C in forming gas for 60
secs.[*1l Acid-intercalated graphite oxide

undergoes exfoliation in microwave.42]
Eddy currents are generated when acid-
intercalated graphite is irradiated with mi-
crowave because of the stratified structure
of GO, yielding very high temperatures in
a short time by Joules heating. This ther-
mal shock leads to sudden decomposition
and gasification of the intercalated acids in
graphite. The pressure thus created breaks
the interlayer van der Walls forces.

Graphene oxide can be reversibly re-
duced and oxidized as demonstrated by
Ekiz et al.*31 and by Yao et al.1*4] Microwave
irradiation (MWI) induced heating in sol-
vents has been used as a rapid way to syn-
thesize graphene sheets. Due to the differ-
ence in the solvent and reactant dielectric
constants, selective dielectric heating of
the reactants by microwave causes an in-
stantaneous internal temperature rise and
thereby reduction of GO.[*!

3.1.2 Arc Discharge

Arc evaporation of graphite in pres-
ence of hydrogen yields high-quality gra-
phene (HG).I! The graphene sheets with
mostly 2-3 layers have a flake size of
100-200 nm. The presence of H, during
the arc-discharge process terminates the
dangling carbon bonds with hydrogen and
prevents the formation of closed structures
like carbon nanotubes. The conditions that
are favorable for obtaining graphene in
the inner walls are the high current (above
100 A), the high voltage (>50 V), and the
high pressure of hydrogen (above 200
torr). Figs 6a—c show TEM and AFM im-
ages and height profile of the HG sample
respectively. Arc-discharge in a helium at-
mosphere also yields graphene sheets with
the number of layers depending on the
pressure and current.[6l Hydrogen arc-dis-
charge has been conveniently employed to
dope graphene with boron and nitrogen.[47]
H,+diborane and H +pyridine (or ammo-
nia) are used instead of pure H, to dope
with boron and nitrogen respectively. Figs

(c)
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Fig. 5. (@) FESEM and (b) TEM images of graphene obtained from thermal
exfoliation of graphite oxide. Reprinted with permission from Rao et al.,
Nanotechnology 2009, 20, 125705. Copyright IOP Publishing, 2009.

Fig. 6. (@) TEM and (b) AFM images of HG prepared by arc discharge of
graphite in hydrogen. (c) The height profile of AFM image in (b) (reprinted
with permission from ref. [6]. Copyright American Chemical Society, 2009).
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Fig. 7. (@) C 1s and B 1s XPS and (b) EELS elemental mapping of
B-doped arc discharge graphene, (c) C 1s and N 1s XPS and (d) EELS
elemental mapping of N-doped graphene arc discharge graphene (re-
printed with permission from ref. [48]. Copyright 2009 WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim).

7a and b show the typical core level X-ray
photoelectron spectra (XPS) and electron
energy loss spectroscopy (EELS) map of
boron-doped graphene respectively. The
peak positions of C Is and B 1s indicate
that boron is bonded to the sp? carbon. The
EELS map shows homogenous distribu-
tion of boron. XPS and EELS analysis give
boron contents of 3.1 at% and 2.4 at% re-
spectively. Figs 7c and d show XPS and
EELS map of nitrogen-doped graphene re-
spectively. Deconvolution of nitrogen core
level XPS gives two peaks 397.3 eV and
400 eV corresponding to pyridine- and py-
rimidine-type nitrogen. Nitrogen content is
found to be 1.4 at% and 0.9 at% from XPS
and EELS analysis respectively.[*]

Graphene sheets have also been pre-
pared from GO using a hydrogen arc dis-
charge process as arapid heating method.[*]
Graphene nanosheets can also be prepared
by arcdischargein air with the yield depend-
ing strongly on the initial air pressure.50!
Graphene nanosheets so obtained are
~100-200 nm wide with mainly two—lay-
ers. Annealing of nanodiamond at 1650 °C
or higher temperature in He atmosphere
also yields few-layer graphene.[2b-12]

3.2 Chemical Methods
Electrochemical reduction has been
employed as a convenient method to syn-
thesize graphene on large scale.l5! The re-
duction initiates at —0.8 V and is completed

2011).

by —1.5 V with the formation of a black
precipitate of graphene on the bare graph-
ite electrode. A combination of coupled
electrochemical reduction with a spray
coating technique has been employed to
prepare large-area and patterned RGO
films on various conductive and insulat-
ing substrates.[521 Organic dispersions of
graphene oxide in polar organic solvents
yields few-layer graphene under reflux
conditions to afford electrically conduc-
tive, chemically active reduced graphene
oxide (CARGO) with tunable C/O ratios,
dependent on the boiling point of the sol-
vent. The dispersing medium must have a
boiling point above 150 °C (the initiation
point of the mass loss feature in the TGA
profile of graphene oxide) and be able to
disperse both graphene oxide and CARGO
for example DMF, dimethyl sulfoxide and
N-methylpyrrolidone have been used for
the purpose.icl

Intercalation of alkali metal ions and
exfoliation yields few-layer graphene in
high quantities. Thus K, Cs and NaK, in-
tercalated graphite were prepared by react-
ing alkali metals with acid-intercalated ex-
foliated graphite in pyrex sealed tubes.[3!
These intercalated carbons were then treat-
ed with ethanol causing a vigorous reaction
and exfoliation. Stable high-concentration
suspensions of few layer graphene are also
obtained by direct sonication in ionic lig-
uids.134

Fig. 8. (@) Schematic of the splitting process involving potassium inter-
calation between the nanotube walls and their longitudinal unzipping

to from GNRs, (b) TEM image of a GNR obtained from K-intercalation
induced unzipping (reprinted with permission from ref. [59]. Copyright
American Chemical Society, 2011), (c) N-doped GNRs obtained from
laser induced unzipping of N-doped MWNTs. Inset shows the corre-
sponding FESEM image and (d) B-doped GNRs prepared similarly from
B-doped MWNTs. Top inset shows the corresponding FESEM image.
Bottom inset shows a TEM image of partially opened B-MWNT (reprinted
with permission from ref. [8]. Copyright Royal Society of Chemistry,

4. Graphene Nanoribbons

Graphene nanoribbons (GNRs) are
quasi one-dimensional graphene nano-
structures and can be thought of as thin
strips of graphene or unrolled carbon
nanotubes. Graphene nanoribbons have
attracted attention because of their novel
electronic and spin transport properties.>5!
Longitudinal unzipping of nanotubes is the
most commonly used method to GNRs.
Kosynkin et al.ll used strong oxidizing
agents like the KMnO,-H,SO, mixture to
oxidize and induce defects in the carbon
nanotubes which then underwent unzipping
to produce nanoribbons. Higginbotham et
al.15%1 used a second acid like trifluroace-
tic acid or H,PO, to control the oxidation.
This allowed the protection of the vicinal
diols formed on the basal plane of gra-
phene during the oxidation, thereby pre-
venting over oxidation to diones and sub-
sequent hole generation. The GNRs thus
produced have less defects or holes. Jiao et
al .57 carried out mild gas phase oxidation
to create defects on CNTs. A dispersion of
these CNTs in 1,2-dichloroethane (DCE)
solution of poly(m-phenylenevinylene-
co-2,5-dioctoxy-p-phenylenevinylene)
(PmPV) by sonication yield high quality
unzipped nanoribbons. Cano-Marquez et
al.38 obtained GNRs after treatment of
CNTs with Li in liquid NH, followed by
treatment with HCIl. Kosynkin et al.5%
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A .quuid nitrogen énnrogen bubbles

Fig. 9. (@) Schematic of the process of potassium metal intercalation and
then exfoliation with ethanol followed by sonication to produce CNS,
TEM images of (b) a partially formed nanoscroll, (c) an open ended na-
noscroll and (d) a mass of scrolled material. (reprinted with permission
from ref. [69]. Copyright American Association for the Advancement of

Science, 2003)

unzipped CNTs by K-intercalation using
potassium vapour and further sonication
in chlorosuphonic acid. The nanoribbons
obtained by this method have fewer defects
compared to those prepared by oxidative
unzipping. Fig. 8a shows a schematic of
potassium intercalation and sequential
longitudinal splitting of the CNT walls to
yield a nanoribbon stack. TEM image of
one such GNR is shown in Fig. 8b.

Doped and undoped MWNTs have been
unzipped using excimer laser irradiation in
solvents like DMF. The power of laser to
be used depends on the nature of MWNTSs
taken. Nitrogen and boron doped MWNTs
were readily prepared by this method.[8
Thus synthesized GNRs were free of any
oxygen impurities or functional groups as
is evident from the Raman spectrum. The
GNRs had widths in the range 60—70 nm
with lengths up to a few wm. Figs 8c and d
show the TEM and FESEM image of laser
unzipped nitrogen and boron doped na-
noribbons, respectively. Longitudinal cut-
ting of MWNTs using plasma also yields
graphene nanoribbons. Jiao et al.[% em-
bedded the MWNTs in PMMA and then
carried out controlled unzipping by Ar
plasma etching. Oxygen plasma etching of
graphene sheets on the other hand yielded
graphene nanoribbons of width 10-100 nm
and length 1-2 pm.[6l

Lithographic patterning of graphene
is another way to prepare narrow GNRs.
Hydrogen silsesquioxane, a negative tone
e-beam resist, is used to protect the under-
lying graphene layer. The unprotected layer
gets etched away by the oxygen plasma.[6!]
Geometrically and crystallographically
oriented GNRs were etched from graphene
sheets by applying constant bias potential
to the STM tip (higher than that used for
imaging).l62]

All the above methods produced GNRs
of width more than 20 nm with edge rough-
ness of ~5 nm. Li et al.155 for the first time
prepared sub-10 nm width GNRs chemical-
ly. They sonicated the thermally exfoliated

Fig. 10. Optical microscopic image of (a) original graphene sheet on SiO,
and (b) the nanoscroll obtained from it by sonication in isopropanol, (c)
TEM image of the nanoscroll. Inset shows the high resolution TEM im-
age of the nanoscroll with interlayer spacing of 0.35nm, (reprinted with
permission from ref. [21]. Copyright American Chemical Society, 2009)

and (d) Schematic illustration of the exfoliation and rolling up process
involving treatment of graphite dispersed in liquid nitrogen to microwave
assisted spark. (reprinted with permission from ref. [71]. Copyright 2011
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

graphite by dispersing it in a 1, 2-dichloro-
ethane (DCE) solution of poly(m-phenyl-
enevinylene-co-2,5-dioctoxy-p-phenyl-
enevinylene) (PmPV) and removing the
larger pieces by centrifugation. GNRs have
also been obtained by sonochemical cut-
ting of graphene sheets, involving oxygen-
induced unzipping of graphene sheets.[®3]
GNRs are also obtained by plasma-en-
hanced chemical vapor deposition on Pd
nanowire templates. On simply removing
the Pd nanowires, a tubular-shaped col-
lapsed graphene with closed edge is ob-
tained. On selectively etching the graphene
layers on the top part of the metal nanow-
ire by O, plasma yields GNRs.[641 Wang
et all®5] have prepared 20-30-nm-wide
graphene nanoribbon arrays lithographi-
cally, and used gas phase etching chemis-
try to narrow the ribbons down to <10 nm,
thereby achieving a high on/off ratio up to
~10* Precise control over topologies and
widths of GNRs can only be obtained by
bottom-up fabrication. Molecular precur-
sors are first coupled on substrates to form
linear polyphenylenes. These are subse-
quently cyclo-dehydrogenated to prepare
GNRs with predefined edge structure and
morphology.[%] Suzuki-Miyaura polymer-
ization of the bis-boronic esters with diio-
dobenzenes yields polyphenylenes resem-
bling GNRs.[67]

5. Graphene Nano-scrolls

Graphene nano-scrolls or as they are
more popularly known carbon nano-scrolls
(CNS) were first described by Bacon et
al.l8] in as early as 1960 (termed then as
graphite whiskers). First chemical syn-
thesis of carbon-nanoscrolls were carried
out by Viculis et al.l9] by first intercalat-
ing graphite heavily with potassium metal
in pyrex sealed tubes to yield the graphite

intercalated compound, KC,. On dispers-
ing KC, in ethanol by sonication, graphite
undergoes exfoliation and simultaneously
rolling up to yield scrolls. Fig. 9a shows
a schematic representation of the forma-
tion of nanoscrolls from graphite. CNS
prepared by this method had an average
diameter of 40 nm and a very high surface
area of 2630 m?g. Figs 9b and ¢ show
TEM image of an individual nano-scroll
with a partially formed scroll and an open
ended scroll respectively. An image of bulk
CNS is shown in Fig. 9d. CNS has also
been prepared from acceptor-type graph-
ite intercalation compounds. Graphite ni-
trate prepared from natural graphite using
HNO, and ozone was sonicated in ethanol
to yield CNS.I701 The above methods use
chemical intercalation and are bound to
introduce impurities.

High-quality graphene scrolls have
been prepared by using iso-propanol to
induce rolling of predefined thin graphene
flakes on SiO,/Si substrates.[?!! This is ac-
complished by depositing thin graphene
sheets from micromechanical exfoliation
onto SiO,/Si substrates followed by soni-
cation in iso-propanol. The alcohol en-
ters the spaces between the graphene and
substrate and thereby lifts it up from the
surface. Due to perturbation by sonication
the free graphene ends curve up followed
by scrolling up to result in tightly packed
scrolls with an interlayer spacing of 0.35
nm. Figs 10a and b show optical images
of original graphene flakes and scrolls on
SiO, respectively. The TEM image of the
CNS shows tightly packed nanoscroll (Fig.
10c¢).

Microwave sparks have been used to
provide thermal shock to induce exfolia-
tion and scrolling.[’!l Graphite flakes are
immersed in liquid nitrogen while irradi-
ating with microwave. The flakes experi-
enced rapid heating and expansion while
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Fig. 11. High-
resolution TEM im-
ages of few-layered
(a) BN, (b) MoS,,

(c) MoSe, and (d)
single-layered GaSe
(reprinted with
permission from

ref. [77], Copyright
American Chemical
Society, 2010; ref.
[76a], Copyright
2011 WILEY-VCH
Verlag GmbH & Co.
KGaA, Weinheim;
ref. [76b], Copyright
Royal Society of
Chemistry, 2011; ref.
[78], Copyright 2012
WILEY-VCH Verlag
GmbH & Co. KGaA,
Weinheim).

the surface of each flake cooled by liquid
N, underwent contraction. The large strain
differences between the surface and bulk
resulted in scrolling up of the sheets (see
Fig. 10d for a schematic of the formation
of nanoscrolls by this method).

6. Inorganic Graphene Analogues

Various layered inorganic compounds
are known, the most well-known being
BN, MoS,, WS, etc. Fullerene-type struc-
tures of these layered inorganic materials
were made by Tenne and co-workers.[72]
Nanotubes soon followed suite.[3]
Graphene analogues of these materials
with few-layers have recently been pre-
pared and characterized.[’ Single-layer
as well as few-layer graphene-like species
of MoS, and other metal chalcogenides
have been prepared by both physical and
chemical methods. Physical methods are
micromechanical cleavage and exfoliation
by ultrasonication in solvents.[”>! Chemical
methods mostly include thermal decompo-
sition of mixture of metal precursors with
thiourea, solvothermal synthesis and Li
metal intercalation followed by exfolia-
tion.7¢l Few-layered BN has been prepared
by high-temperature reaction of boric acid
and urea at high temperature.l’71 It is pos-
sible to vary the number of layers by vary-
ing the ratio of boric acid and urea. BN
can also be prepared by laser exfoliation of
bulk powder in DMF or by ultrasonication
in polar solvents. Figs 11a and 11b show
typical TEM images of 2—4 layered BN
and MoS, prepared by high-temperature
decomposition of precursors. A high-reso-
lution TEM image of single-layered MoS,
with atomic resolution is shown in Fig.
11c. Micromechanical cleavage also read-
ily yields single- and few-layered GaS and

GaSe.["81 A high-resolution TEM image of
single-layered GaSe is shown in Fig. 11d.
Ultrasonication in solvents has become a
routine method to obtain few-layered spe-
cies of metal organic frameworks.

7. Conclusions

It is indeed gratifying that graphene
which was once considered to be difficult
to prepare has been prepared by physical
as well as chemical methods. Although
physical methods such as micromechani-
cal exfoliation and ultrasonication are
easily employed, chemical methods have
provided ways of preparing both single-
and few-layer graphene in larger quanti-
ties. Chemical methods have also been
useful in generating graphene-like species
of other inorganic layered materials such
as MoS, and BN, besides ultrasonication
and micromechanical cleavage. It is note-
worthy that nanoscrolls of graphene can
be generated by intercalation of graphite
with potassium. It would not be surpris-
ing that graphene-like species of a variety
of layered inorganic materials involving
metal oxides will be prepared in the next
few years.
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