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Abstract A convenient method for the production of graphene
is developed using the electrochemical reduction of graphite
oxide (GO) in solution without assembling it onto the electrode.
The samples were examined by X-ray diffraction, X-ray photo-
electron spectroscopy, Fourier transform infrared spectroscopy,
and Raman spectroscopy. The results show that the number of
oxygen functional groups can be significantly decreased. The
electrochemical capacitance of the prepared graphene after 8 h
of reduction is 158.5F g ' at 0.5 A g ', much higher than that of
GO and carbon nanotubes. The mechanism for this reaction is
also proposed in this paper.

Keywords Electrochemical reduction - Capacitance - Mass
production

Introduction

Since reported in 2004 [1], graphene has attracted great atten-
tion due to its unique electronic, thermal, and mechanical
properties [2—4]. Many routes have been developed to syn-
thesize the two-dimensional graphene sheets such as chemical
vapor deposition of hydrocarbons on metal substrate [5] and
thermal decomposition [6]. However, it is still unfeasible to
fabricate graphene on a mass without using high temperature,
inert atmospheres, and complex instruments [7]. Although
chemical method is an effective approach to change graphite
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oxide (GO) into graphene on a large scale, the reducing
agents such as hydrazine and dimethylhydrazine are very
hazardous and toxic and can break graphene into pieces.
Therefore, developing a safe and environmentally friendly
way of producing graphene is becoming more and more
necessary. Dreyer et al. [8] have reported the reduction of
GO by alcohols at 100 °C. Nethravathi and Rajamathi [7]
have reduced graphene by water, ethanol, 1-butanol, and
ethylene glycol at about 200 °C. Fan et al. [9] have found
that graphene can be prepared by heating an exfoliated GO
suspension under strong alkaline conditions at 50-90 °C.
These methods still require high temperature and a long time
of preparation. Recently, electrochemical reduction of GO by
using cyclic voltammetry has been introduced [10-12]. Elec-
trochemistry is a green method for preparing graphene without
using a reducing agent and high temperature. The ionic-liquid-
functionalized graphene sheets are synthesized from graphite
through a mild electrochemical approach [13]. By assembling
GO onto a gold electrode, the graphene films can be obtained
using electrochemical reduction at room temperature [14]. An
et al. [15] have reduced the GO film on a silicon electrode by
using an electrophoretic deposition process. To date, the con-
ventional electrochemical synthesis of graphene is carried out
after the GO is assembled on the electrode. However, the
quantity of graphene obtained through conventional electro-
chemical reduction using an electrode with a limited area to
perform the reaction by one experiment was confined to a few
tens of micrograms, leading to low-yield production. More-
over, the produced graphene may be limited to the surface of
electrode because the underplayed parts not in touch with the
solution could not easily be reduced. To date, no research
regarding the electrochemical reduction of GO without assem-
bling the GO powder or film onto the electrode has been
reported. In this paper, we present a new electrochemical
method to prepare graphene directly in solution with a self-
prepared electrochemical cell containing a large effective re-
action surface area. This method performs a green, high-yield,
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low-cost, fast graphene production, which may have potential
application in commercialization.

Experimental
Synthesis of GO

GO was prepared and purified according to the Hummers
method [16].

Pretreatment of multi-walled carbon nanotubes

Carbon nanotubes (CNTs) used were produced using the
chemical vapor deposition method. The CNTs were refluxed
in 4.0 M HNO; at 120 °C for 8 h and then extensively washed
with deionized water.

Electrochemical reduction of GO

The new electrochemical cell for the scale-up synthesis as
shown in Fig. 1 consists of a graphite cylinder (10 cm in
diameter) with a graphite cover which is embedded with 10—
14 graphite electrodes (each is about 0.3 cm in diameter) that
act as cathodic working electrodes. The platinum plate serves
as the anodic electrode. After 1 g of as-synthesized GO powder
was scattered in the cell, the electrochemical reduction was
carried out with the solution being stirred at the same time.
The electrolyte solution is 0.1 M KNOs. The electrochemical
reduction was carried out at an applied direct current voltage of
20 V with the use of a WYK-1502 power source. The reducing
time was in the range of 10 min to 24 h.

Characterization

X-ray diffraction (XRD) data of the samples were collected by
a Bruker D8 ADVANCE diffractometer using CuK « radiation
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Fig. 1 Diagram of the electrochemical graphite cell serving as the
cathode
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(A=0.15406 nm). The 26 angular regions between 5° and 70°
were explored at a scan rate of 5°/min. The Fourier transform
infrared spectroscopy (FT-IR) spectra of GO and electrochem-
ically reduced graphite oxide (ER-GO) were characterized by a
Thermo Nicolet NEXUS spectrometer. The samples (0.5 wt%)
were mixed and grounded uniformly with monomorph KBr
powder (99.5 wt%) in an agate mortar, and the powder was
then pressed into disc specimens with an oil hydraulic press.
The FT-IR spectrometer was operated under a transmittance
mode. The samples were also analyzed by Raman spectroscopy
(HORIBA Jobin Yvon, Ar" laser emitter with a wavelength of
514.5 nm). X-ray photoelectron spectroscopy (XPS) measure-
ment was performed by an ESCALAB MK I apparatus using
non-monochromated MgK«x radiation at 300 W. The instru-
ment resolution was 0.75 eV. Thermogravimetric analysis
(TGA) of GO and ER-GO was done in a STA 409 PC simul-
taneous thermal analyzer. The weight loss of the samples was
monitored from room temperature to 700 °C at a heating rate of
10 °C min " in nitrogen atmosphere. The features of the sample
were observed with high resolution transmission electron mi-
croscopy (HR-TEM; JEM-2100). Electrochemical experiments
were performed by a CHI 750 electrochemical workstation
(Chenhua, Shanghai). The electrochemical measurements were
made with a three-electrode cell at 25 °C. Pt foil and saturated
calomel electrode were used as the counter and reference
electrodes, respectively.

Results and discussion

As shown in Fig. 2, the yellow-brown exfoliated GO suspen-
sion quickly turned into brown black after 10 min of electro-
chemical reduction. The suspension turned homogeneous
black after 1 h. After it was left still for one night, the black
sediment appeared at the bottom of beaker. These results
revealed that GO had undergone fast deoxygenation by elec-
trochemical reduction.
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Fig. 2 Images of the exfoliated GO suspension before and after electro-
chemical reduction with a reduction time of 20 min, 30 min, and 1 h in
0.1 M KNO;
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Fig. 3 TEM images of GO (a)
and ER-GO (b)

In Fig. 3, the microstructure of GO and ER-GO nanosheets
obtained by 8 h of reduction, which were analyzed by TEM
observation, is shown. Figure 3a shows a TEM image of GO,
clearly illustrating the flake-like shapes of GO. Selected area
electron diffraction (SAED) pattern confirmed the disordered
nature of the GO. Only diffraction rings were observed in the
SAED pattern of GO, indicating that GO is amorphous. After
exposure under the electron beam for a few minutes during the
TEM observation, the GO was found unstable and tended to
be broken. Like the crumpled silk veil waves, the observed
large transparent graphene sheets, however, are very stable
under the electron beam. The crystalline structure of the
graphene obtained by electrochemical reduction was evident
because of the defined diffraction spots. As shown in the
figure insert of the SAED pattern, the graphitic laminar struc-
ture can be observed in the ordered region.

The XRD patterns of the as-prepared GO and ER-GO with
different electrochemical reduction times are shown in Fig. 4.
The GO powder shows a larger interlayer spacing than that of
graphite with a major peak at 11.9° corresponding to the
interlayer spacing of 7.43 A due to the oxygen functional
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Fig.4 XRD patterns of GO and ER-GO with a reduction time of 10 min,
lh,and 6 h

groups and water molecules in the interlayer of hydrophilic
GO. Compared with the GO, the ER-GO samples show a very
broad 002 reflection, while the peak of 001 at a 26 value of
about 11.9° decreases obviously as the reduction time increases.
The major peak of ER-GO is observed at 26 values of 24.9°,
25.6°, and 25.8° with a basal spacing of 3.57, 3.48, and 3.46 A,
respectively, which are higher than those of well-ordered graph-
ite having a basal spacing of 3.35 A. These results confirm that
the oxygen and hydrogen causing the basal spacing of GO can
be effectively removed with the increase of the reducing time.
The broad 002 reflection of ER-GO indicates that the powder
contains largely free graphene sheets in poor order along the
stacking direction [7].

Figure 5 shows the IR spectra of GO and ER-GO. As for GO,
a strong and broad absorption observed at about 3,400 cm ' can
be ascribed to the O—H stretching vibration. The peak at
1,726 cm™' can be assigned as the stretching of C=0 of COOH,
and the peak at 1,622 cm ™" can be attributed to the O—H bending
vibration, epoxide groups, and skeletal ring vibrations [7]. The
peak of the tertiary C—OH groups is located at 1,393 cm ', and
the C-OH and C-O stretching peaks were at 1,220 and
1,050 cm ', respectively [17]. After electrochemical reduction
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Fig. 5 IR spectra of GO and ER-GO with a reduction time of 10 min
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for 10 min, the ER-GO peak intensity of O—H stretching vibra-
tion at about 3,400 cm ' presents an obvious decrease, while the
peaks at 1,726 and 1,622 cm ! cannot be observed. The skeletal
vibration of the graphene sheets appears at 1,560 cm ' [7]. The
peaks at 1,220 and 1,050 cm ' decrease obviously. These
indicate that the hydroxyl and epoxide can be significantly
reduced by this electrochemical method after 10 min.

Raman spectroscopy is commonly taken as an effective
method to fabricate the reduction of GO. Figure 6 shows the
Raman spectra of GO and ER-GO using an excitation wave-
length of 514.5 nm. All measurements were carried out in
powder form which was deposited on a silicon wafer in the
absence of a solvent. GO displays two bands at ~1,351 and
~1,599 cm™', corresponding to D and G modes, respectively.
The D band is due to the defects or edges [18]. Higher disorder
leads to a broader G band as well as D band with relatively
higher intensity compared to that of G band [19]. The reduction
of GO results in the crystalline order of sp> carbon atoms with an
increasing 7t-electron conjugation sp” network [11]. Conse-
quently, the G band associated with a graphite lattice will shift
to a lower value. As can be seen from Fig. 6, the G band, lower
than that of GO, shifts from 1,576 to 1,574 cm ' and the I/l
also decreases with the reduction time performed from 10 min to
6 h. These indicate that the electrochemical reduction of GO
takes place within 10 min and the order of sp” carbon atoms also
increases with the prolonged electrochemical reduction time.

TGA graphs in Fig. 7 show the weight profiles of the samples
with the variation in temperature (heating rate 10°/min) under N,
flow. As for GO, weight loss of 10 wt% up to 100 °C is ascribed
to the evaporation of water molecules in the sample [20]. A
small amount of weight loss in this temperature region is due to
the fact that ER-GO does not contain much water as earlier
reported [21]. As the temperature increases from 150 to 210 °C,
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GO
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Fig. 6 Raman spectra of GO and ER-GO with a reduction time of 10 min
and 6 h. All of the spectra correspond to an exciting laser wavelength of
514.5 nm
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Fig. 7 TGA graphs of GO and ERGO reduced for different times

GO exhibits a significant weight loss of 21 wt%, indicating the
evaporation of water and removal of labile oxygen functional
groups [21], while the weight loss of ER-GO reduced for 10 min
and 6 h coincides very well from 30 to 400 °C, with much less
weight from 150 to 210 °C. After the temperature increases to
400 °C, the ER-GO lost weight more rapidly in the case of
10-min reduction than that of 6-h reduction, which suggests
that a large amount of labile oxygen groups are removed
simultaneously by electrochemical reduction and the degree
of reduction increases with the prolonged reduction time [22].

This result is also confirmed by XPS analysis. As shown in
Fig. 8a, b, the content of O decreases and the C/O ratio
increases remarkably after 10 min of electrochemical reduction.
As shown in Fig. 8c, d, the C 1s XPS spectra of GO and ER-
GO indicate the presence of four types of carbon bonds: C—C
(284.6 eV), C-0 (286.6 eV), C=0 (287.6 V), and O-C=0
(289.0 V). By comparing the XPS spectra of GO and ER-GO
obtained by 4 h of reduction, it can be seen that the spectra
show obvious suppression of epoxy/ether groups, indicating
that most of the epoxide and hydroxyl functional groups are
effectively removed. The C/O ratio of GO, ER-GO reduced for
10 min, and ER-GO reduced for 4 h is 1.5, 3.1, and 3.8,
respectively, suggesting that electrochemical reduction can be
effectively performed in solution by increasing the reduction
time. These results obtained from XPS analysis, combined with
those of XRD, FT-IR, TGA, indicate the formation of graphene
through this electrochemical reduction.

The electrochemical capacitance behavior of ER-GO and
CNTs is characterized by cyclic voltammetry and galvanostatic
charged/discharge methods. As can be seen in Fig. 9, the
ER-GO produces a much larger redox peak at about 0.3 V
than that of GO, presenting a larger part of capacitance for
ER-GO. This indicates that increased capacitive effects should
be attributed to the reduction of oxygen groups and the GO with
too many oxygen groups has very low capacitance because of
its low conductivity.
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Fig. 8 XPS survey spectra of GO survey (a) and ER-GO reduced for 10 min (b) and C 1s XPS spectra of GO (¢) and ER-GO reduced for 4 h (d)

Figure 10 shows the cyclic voltammograms (CVs) of
the ER-GO at various scan rates in the range of —0.2 to
0.8 V. The appearance of one pair of redox peaks may be
caused by the typical transition between quinine/hydroquinone
groups of carbon materials [23, 24]. The CVs are close to be

——ER-GO 4h
{1 ——GO

Current/A g’
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-0.2 0.0

T

T T T
0.2 04 06 0.8

Potential/\V vs.SCE

Fig.9 Cyclic voltammetry curves of GO and ER-GO in 1 M H,SOy,. The
scan rate is 10 mV/s

rectangular as the scan rates increase, especially at 50 mV/s,
suggesting that ER-GO has an excellent capacitance behav-
ior. This is because ER-GO could offer both sides to the
electrolyte with a high surface area, leading to high specific
capacitance.

Current Density/A g"

o.'z 0.4
Potential/V vs.SCE

Fig. 10 Cyclic voltammetry curves of ER-GO in 1 M H,SOy, at a scan
rate increasing from 5, 10, 20, to 50 mV
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The specific capacitance is calculated by the following
equation:

A

- mAV

where i is the discharged current, At is the discharged time,
and AV is the potential window. The charge and discharge
curves of GO and ER-GO are shown in Fig. 11 where the
capacitance of GO is 6.3 F ¢!, and after reduction for 10 min,
the capacitance of ER-GO increases to 67.7 F g ' much higher
than that of CNTs.

The capacitance of ER-GO after reduction for 2 and 4 h
increases to 148.5 and 150.5 F g, respectively, which are
higher than the previously reported value of 117 F g ' in
H,SO, [25]. With the time of 8 h, the capacitance increases
to 158.5 F g ', which is almost the same as that reported by
Shao et al. using an electrochemical reduction method [10].
When the reduction time prolonged to 12 h, the capacitance
slightly reduces to 152 F g . These results indicate that GO can
be electrochemically reduced within 10 min and capacitance
demonstrates a prominent increase within the prolonged reduc-
tion time of 8 h. After reduction for 8 h, the electrochemical
reduction of GO is becoming difficult due to the fact that the
remaining oxygen-containing groups are stable under electro-
chemical conditions and the prolonged reduction time may lead
to an increase of conglomeration of ER-GO sheets by van der
Waals force, resulting in the decrease of capacitance.

The electrochemical stability of the ER-GO reduced for 8 h
was examined by charge/discharge cycling at a current density
of 0.5 A g '. As shown in Fig. 12, after slightly increasing
capacitance during the first 500 cycles, the ER-GO reveals a
stable capacitance of 154 F g '. This result indicates that this
kind of material has a long-term electrochemical stability. Fur-
thermore, during the cycling process, the coulombic efficiency

0.8 1 ——G0
/ ——— ER-GO 10min
/ ER-GO 1h
0.6+ / — ER-GO 4h
/ CNTs
/ ER-GO 8h
% 041 / . ——ER-GO 12h
g \—ER-GO 2h
e 0.2 1 -
o
a
0.0
0.2

B PR ST DY POV WP B o, e A [ YR PN JEEY L A
50 0 50 100 150 200 250 300 350 400 450 500 550 600 650
Timels

Fig. 11 Charge/discharge curves of GO and ER-GO at a current density
of 0.5A g
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Fig. 12 Cycle life and coulombic efficiency of ER-GO at a constant
current density of 0.5 A g~

(discharge/charge) remains close to 96 %. Therefore, ER-GO is
promising as an electrode material for supercapacitors, being
more and more important in energy storage.

The mechanism of the electrochemical reduction in solu-
tion can be explained as shown in Fig. 1: the dispersed GO
solution is stirred rapidly using a magnetic stirring apparatus
so that the GO flake is able to rapidly contact with the graphite
electrolyzer and Pt plate, which serve as cathode and anode.
During this process, the electrochemical reduction could be
performed repeatedly. With the solution being stirred, the
GO sheets would have more time to contact with the cathode
and anode, resulting in the fast reduction of GO. The carbox-
ylate and carbonyl functional groups at the edges of GO
produced by the Hummers method could be reduced at the
anode electrode and the possible reaction procedure could be
as follows:

RCOO —RCOO -+ ¢~ (1)
RCOO-—R- + CO, (2)
R-+R->R-R (3)

The first step is oxidation of carboxylate; after that, happen
oxidative decarboxylation may happen. The third step is di-
merization of radicals [15]. The reaction scheme above is
similar to the Kolbe reaction. When in contact with the anode,
GO platelets could give the electrons away, leading to the
oxidation of carboxylate groups on the periphery of GO sheets.
The unpaired electrons formed by the Kolbe-like loss of CO,
migrating through the GO framework could form covalent
bonds after finding unpaired electrons. Radicals mostly form
two-electron bonds on graphene platelets. The carboxylate
group could also be reduced to hydroxy at the cathode elec-
trode. This decarboxylation mechanism may explain the loss
of carboxylates and carbonyl groups in the IR spectra, which
has also been confirmed by Guo et al. [12]. Although the
epoxide and hydroxyl groups are hard to be eliminated, they
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could also be reduced at the cathode at negative potential [12].
The mechanism of this reduction is still under discussion.

Conclusions

A novel electrochemical reduction to synthesize graphene is
reported in this paper. This method opens a new mass produc-
tion way for the environmentally friendly preparation of
graphene. This method also presents green, time-saving, high-
yield, low-cost, low-temperature features in comparison with
the conventional chemical method. The capacitance of ER-GO
is much higher than that of GO and carbon nanotubes. This
electrochemically reduced graphene oxide is a promising mate-
rial for further application in supercapacitors or electrocatalysis.
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