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Graphene, a single layer of carbon atoms tightly packed
into a two-dimensional (2D) honeycomb sp2 carbon lattice,
has attracted a great deal of attention in recent years because
of its intriguing properties such as large thermal conductiv-
ity, superior mechanical properties, and unusual electronic
properties.1a,b Moreover, graphene offers superior chemical
stability, large surface-to-volume ratio, and a broad electro-
chemical window, which render it as an attractive electrode
material for lithium ion batteries and electrochemical
capacitors.2a-c Nevertheless, realization of several of these
applications is still not feasible because large-scale produc-
tion of graphene nanosheets remains a huge challenge. In
recent years, various synthetic approaches have been pursued
to prepare graphene nanosheets.3a-c Among the various
strategies pursued, the reduction of graphite oxide (GO) is
one of the most promising methods.3d-f However, the reduc-
tion of GO involves reaction with strong reducing agents like
hydrazine or dimethylhydrazine at elevated temperatures (80
�C) for an extendedperiodof 12-24hor thermal treatment at
elevated temperatures (1050 �C) in a vacuum/inert atmo-
sphere. More recently, metal nanoparticles dispersed on gra-
phene sheets havebeenpreparedusinghydrazine as a reducing
agent in a domestic microwave oven.3f Unfortunately, the use
of highly toxic and dangerously unstable hydrazine or di-
methylhydrazine to reduceGOremains a serious challenge for
large-scale production of graphene nanosheets.
Recognizing these difficulties, we present here for the first

time a facile microwave-assisted solvothermal (MW-ST)

reduction of exfoliated GOwith nontoxic solvents to obtain

“chemicallymodified graphene nanosheets” (GNS) within a

short reaction time of 5-15 min at relatively low tempera-

tures (180-300 �C). The MW-ST approach offers several

advantages compared to the conventional solvothermal or

hydrothermal methods.4a,b The MW-ST method centers on

dielectric microwave heating of the reactants by transferring

energy selectively to microwave absorbing polar solvents

with a simultaneous increase in self-generatedpressure inside

the sealed reaction vessel, which shortens the reaction time
from several hours to a few minutes with enormous energy
savings and cleanliness.We also present here a decoration of
theGNSproducedwith polyaniline (PANI) and an explora-
tion of the graphene-PANI nanocomposites as electrode
materials for lithium-ion batteries and supercapacitors.
GO prepared from graphite by the Hummer’s me-

thod5a was dispersed in high boiling tetraethylene glycol
(TEG, a polyol), and the yellow-brown colloidal suspension
formed was subjected to MW-ST reduction at 300 �C.
During the MW-ST process, the colloidal solution changed
into black, confirming the reduction of GO to GNS. The
MW-ST reduction of GO was also carried out at a lower
temperature of 180 �Cwith various other polar solvents such
as N,N-dimethyl formamide (DMF), ethanol, 1-butanol,
and water, and the reduction process offered a black colloi-
dal precipitate.The rapidabsorptionofmicrowave radiation
by GO in polar solvents with a subsequent increase in
temperature and pressure facilitate the reduction of GO
while polyol, DMF, or supercritical water5b act as reducing
agents under the solvothermal condition. We could also
obtain stable graphene suspensions by the MW-ST heating
of exfoliated GO suspension in an alkaline (NH3 or NaOH)
medium (pH ≈ 10) at 180 �C. In the basic medium,
subsequent carboxyl termination occurred with the evidence
of fast color change from yellow-brown to black during the
MW-ST process as the exfoliated GO with negatively
charged oxygen functional groups can undergo fast de-
oxygenation in strong alkaline solution.5c

Figure 1a-c shows the X-ray diffraction (XRD) pat-
terns of pristine graphite, as-synthesized GO, and GNS
obtained by the MW-ST reduction of colloidal GO in
TEG at 300 �C. The substantial shift of the (002) reflec-
tion from 8.36 to 3.55 Å after theMW-ST processing ofGO
confirms the formation of graphene fromGO.However, the
interlayer spacing of the GNS produced is slightly higher
than that of well ordered graphite (3.36 Å), suggesting the
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presence of residual oxygen functionalities in the GNS.
Nevertheless, the broad nature of the reflection indicates
poor ordering of the sheets along the stacking direction,
implying that the samples are composed of mostly single or
few layers of GNS. Similarly, the GNS produced by the
MW-STreductionofGOata lower temperatureof 180 �Cin
TEG, DMF, ethanol, 1-butanol, and H2O show interlayer
spacings of, respectively, 3.62, 3.63, 3.84, 3.85, and 3.87 Å
(Supporting Information Figure S1). Recognizing that a
higher interplanar spacing may imply the presence of a
higher concentration of residual oxygen functionalities, we
can envision that the solvothermal reduction of GO in TEG
and DMF is much more effective than that in ethanol,
1-butanol, orwater.However, the residual solventmolecules
present could also influence the interlayer spacing values.5d

Also, the decrease in interplanar spacing on going from 180
to 300 �C in TEG (Supporting Information Figure S1)
reveals that the solvothermal reduction of GO becomes
more effective with increasing temperature and pressure.
To provide further evidence for the formation of GNS from
GO during the MW-ST process, we characterized the sam-
ples byFourier transform infrared (FTIR) spectroscopy and
X-ray photoelectron spectroscopy (XPS).
Figure 1d,e shows the FTIR spectra of GO and the

reduction product obtained after the MW-ST process in
TEG at 300 �C. The FTIR spectra of GO shows a strong
absorption band at 1724 cm-1 due to the CdO stretching. It
also exhibits bands around 1622 cm-1 due to aromatic CdC
as well as bands due to carboxy C;O (1412 cm-1), epoxy
C;O (1232 cm-1), and alkoxy C;O (1070 cm-1) groups
situated at the edges of the GO nanosheets as has been
reported previously.5eAfter the MW-ST process, the intensity
of the absorption band due to the CdO group (1724 cm-1)
decreases significantly, and thebandat 1622 is absent. Instead,
a new absorption band appears at 1562 cm-1, which is
attributed to the skeletal vibration of the graphene sheets.
TheFTIRdataare similar to thedata reported in the literature
for samples obtained by the hydrazine reduction method.5e

Also, theFTIR spectrumof the graphene-PANInanocompo-
site (Figure 1f) shows the CdN and CdC stretching of the
quinonoidandbenzenoidunits, respectively, at 1580cm-1 and

1489 cm-1. The bands at 1299 and 1241 cm-1 in Figure 1f are
assigned to the C;N stretching of the benzenoid unit while
the band at 1134 cm-1 is due to the quinonoid unit of doped
polyaniline. Also, the peak at 809 cm-1 is associated with the
C;CandC;Hof the benzenoid unit. Figure 1g,h shows the
C 1sXPS spectra recorded before and after subjecting theGO
to theMW-ST process in TEG.After deconvolution, theC 1s
spectrum of GO (Figure 1g) clearly shows the lower binding
energy feature at 284.5 eV corresponding toC;Ccarbonand
the higher binding energy feature at 286.8 eV followed by a
shoulder at 289.1 eV, which is typically assigned to C;OH
and CdO arising from epoxide, hydroxyl, and carboxyl
functionalities.5e The XPS spectrum of graphene obtained
after theMW-ST reduction process (Figure 1h), on the other
hand, reveals that the intensities of thebands corresponding to
carboxyl, epoxide, and hydroxyl functional groups are greatly
reduced. Nevertheless, the sp2 carbon network is retained in
graphene as indicated by the C;C peak at 284.5 eV, and the
remarkable π f π* satellite peak around 290.8 eV is char-
acteristic of aromatic or conjugated systems.5c In addition,
based on the XPS data, the oxygen content decreases from
30.2% in GO (before the MW-ST process) to 8.3% in
graphene (after the MW-ST process at 300 �C), which is
similar to the data obtained with the graphene samples
produced by the hydrazine reduction method.5c,e Thus, the
XRD, FTIR, and XPS data demonstrate that the MW-ST
process employed here with nontoxic solvents is efficient to
produce GNS from graphite oxide.5c

Figure 2 shows the scanning electron microscopy (SEM),
field emission SEM (FE-SEM), and transmission electron
microscopy (TEM) data of GO and graphene obtained after
the MW-ST process in TEG. While the SEM image and
photograph in Figure 2a,b shows the paper-like character of
GO, the FE-SEM image in Figure 2d shows the large (∼15�
5 μm) paper-like nanosheet morphology of graphene with
slightly folded edges created during the ultrasonication of the
colloidal dispersion. The bright field TEM image in Figure 2e
shows the optically transparent graphene nanosheets, while
the electron diffraction pattern reveals the well crystalline,
large area of GNS, which may be attractive for electronic
applications. AFM images (Supporting Information Figure
S2) also reveal single or few layers of graphene sheets with a
measured thickness of 1.5-2.5 nm.

Figure 1. XRD patterns of (a) graphite, (b) GO, and (c) GNS, FTIR
spectra of (d) GO, (e) GNS, and (f) graphene-PANI nanocomposite, and
C 1s XPS spectra of (g) GO and (h) GNS.

Figure 2. (a) SEM image of the cross-section of the GO paper,
(b) photographic image of GO paper, (c) bulk quantity of GNS powder
producedby theMW-STprocess, (d) FE-SEMimage of largemicrometer
size single paper-like GNS, and (e) bright field TEM image with the inset
showing the electron diffraction pattern of optically transparent GNS.
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Figure 3a compares the first Galvanostatic charge-
discharge profiles of commercial graphite and GNS at a
constant discharge rate of C/15. The GNS offers much
higher reversible capacity (∼820 mA h/g) than the graphite
anode (∼340 mA h/g). During discharge (Liþ insertion), a
largepartof the capacityoccursbelow0.5V (vsLi/Liþ) witha
nearly plateau profile. This could involve the absorption of
lithium on both sides of GNS, resulting in two layers of
lithium per layer of graphene sheet to give Li2C6 as illustrated
in Supporting Information Figure S3a. For a comparison,
with a theoretical capacity of 372 mA h/g, the conventional
graphite anode involves the insertion of one layer of lithium
per carbon layer to give LiC6 as shown in Supporting
Information Figure S3a. The capacity above 0.5 V may be
associated with a faradic capacitance either on the surface or
on the edgeplanesofGNS.6aThesekindsof lithium insertion/
extraction mechanisms were first proposed for layer-type
nanoporous carbons6b Although GNS offers much higher
reversible capacity (Figure 3a) than graphite, it exhibits huge
irrversibile capacity loss (685 mA h/g) in the first cycle due to
electrolyte decomposition reactions occurring on the surface
ofGNS and the formation of the solid-electrolyte interfacial
(SEI) layer.6b The GNS also exhibits capacity fade as seen in
the inset of Figure 3a. However, the cyclability of our GNS
produced by theMW-STmethod is better than the cyclability
data reported recently in the literature.2a

To improve the cyclability, we have decorated the GNS
with a low-cost, conductingPANI. In addition to limiting the
SEI layer formation, theelectrochemically activePANIcould
help to enhance lithium-ion conduction and electron trans-
port during cycling. As a result, the gaphene-PANI nano-
composite (90:10 wt %) offers a reversible capacity of ∼800
mA h/g with considerably lower irreversible capacity loss
(545 mA h/g) than pristine graphene. The nanocomposite
also shows much improved cyclability with a capacity reten-
tion of 84% in 40 cycles compared to 63% retention for the
pristine graphene. The significant improvement in capacity
retention on decorating with a small amount (10 wt %) of
PANI could be due to the modification of the graphene
surface and pore structure by PANI.
In electrochemical capacitors (EC), capacitance can arise

due to charge storage at the electrode-electrolyte interface

(electrical double layer capacitor, EDLC) or fast redox reac-
tions (pseudocapacitors).7aCarbonbasedmaterials havebeen
particularly popular as electrodes for EDLC owing to their
high surface area and electronic conductivity. However, their
capacitance values are limited as high surface area does not
alwaysmeanhighcapacitancedue to the intricate involvement
of pore size distribution.7a,b Remarkable improvements in
performance have been achieved in recent years through the
development of advanced nanostructured carbon materials,
where ion desolvation occurs in pores smaller than the
solvated ions, resulting in higher capacitance.7c Another
attractive approach is to combine apseudocapacitivematerial
such as redox oxides, nitrides, and polymers with carbon.7a

Considering the high surface area, excellent electrical con-
ductivity, and multifunctional properties of graphene, we
focused on nanocomposites consisting of graphene and
PANI. Figure 3b shows the cyclic voltammograms (CV) of
the pristine GNS and the graphene-PANI nanocomposite
electrodes at a scan rate of 5 mV/s in 1MH2SO4 electrolyte.
The pristine GNS exhibits a rectangular shape CV that is
characteristic of an EDLC with a specific capacitance of 100
F/g. On the other hand, the CV of graphene-PANI nano-
composite (50:50 wt %) shows a behavior characteristic of a
combination of both EDLC and redox capacitance with a
significantly enhanced overall specific capacitance of 408 F/g.
The origin of the enhanced capacitance on combining the
EDLC and pseudocapacitance is illustrated in Supporting
Information Figure S3b. This nanocomposite strategy opens
up possibilities to combine graphene with other redox pseu-
docapacitivematerials like polythiophenes,MnO2, andRuO2

to enhance the energy density of ECs.
In summary, we have demonstrated aMW-ST process to

produce GNS without the need for highly toxic chemicals
with strong reducing properties or reducing gas atmospheres
athigh temperatures.TheMW-STprocess,takingadvantage
of both microwave radiation and solvothermal effect, pro-
duces GNS within a short reaction time of 5-15 min at
<300 �C, offering the possibilities of easy scale up and
reduction in manufacturing cost. We have also demon-
strated that the GNS thus produced and their nanocompo-
sites with a conducting polymer like PANI exhibit good
energy storage properties in lithium ion batteries and super-
capacitors. We believe the facile synthesis approach pre-
sented here may pave the way for successfully employing
graphene for microelectronics, photovoltaic, and energy
storage and conversion applications.
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Figure 3. Comparative (a) charge-discharge profiles and cycalibility
(inset) in lithium cells of graphite, GNS, and GNS-PANI at a constant
discharge rate of C/15 and (b) cyclic voltammograms of GNS and GNS-
PANI electrodes at a scan rate of 5 mV/s in 1 M H2SO4.
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