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An easy electrochemical technique is proposed to prepare electrochemically reduced
graphene oxide (ERGO)/polyaniline (PANI) composites in a single step. The technique uses
a two-electrode cell in which a separator soaked with an acid solution is sandwiched
between graphene oxide (GO)/aniline films deposited on conductive substrates and an
alternating voltage was applied to the electrodes. Successful preparations of ERGO/PANI
composites were evidenced by characterizations due to UV-vis-NIR, FT-IR, XPS, XRD, and
SEM measurements with free-standing films of ERGO/PANI obtained easily by disassem-
bling the two-electrode cells. The ERGO/PANI films exhibited a high mechanical stability,
flexibility, and conductivity (68 S cm™* for the composite film containing 80% ERGO) with
nanostructured PANI particles (smaller than 20 nm) embedded homogeneously between
the ERGO layers. The two-electrode cells acted as electrochemical capacitors (ECs) after a
sufficient voltage cycling and exhibited relatively large specific capacitances (195-
243 F g ' at a scan rate of 100 mV s~ ?) with an excellent cycle life (retention of 83% capac-
itance after 20,000 charge-discharge cycles). Influences of the GO/aniline ratio, the sort of
electrolytes, and the weight of the composite on the energy storage characteristics of ECs
comprising the ERGO/PANI composites were also studied.

© 2013 Elsevier Ltd. All rights reserved.

ultracapacitors because they have extremely high energy
densities compared with conventional parallel-plate capaci-

1. Introduction

Electrochemical capacitors (ECs) are an energy storage device
utilizing an electrochemical double-layer built up at the inter-
face between a high-surface area electrode and a liquid elec-
trolyte [1,2], and thus called electrochemical double-layer
capacitors as well. ECs are also called supercapacitors or

tors. ECs have recently received a keen interest because they
have clear advantages of a long cycle life and a high power
capability over Li-ion batteries that have been currently used
in electric vehicles, hybrid electric vehicles, and portable elec-
tronic devices. At present, however, the energy densities of
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ECs are inferior to those of Li-ion batteries [3] and thus a num-
ber of studies have been carried out for making the energy
storage abilities of ECs closer to those of Li-ion batteries.
The progress towards increasing the energy densities of ECs
has benefited from the continuous development of nano-
structured electrode materials. Carbon is the most investi-
gated electrode material for ECs [4] and the use of various
forms of carbon such as activated carbon, mesoporous car-
bon, and carbon nanotube (CNT) has promoted the develop-
ment of carbon-based ECs. Among various carbon materials,
graphene, a two-dimensional form of carbon with unique
electronic, optical, mechanical, thermal, and electrochemical
properties, has thrown a new light on the enhancement of the
EC performance [5]. The specific capacitances (Cgps) of ECs
based on graphene converted chemically or electrochemically
from graphene oxide (GO) prepared by chemical oxidation
and exfoliation of graphite have been reported to exceed
100F g7 [5-9]. In view of an extremely high conductivity
and a large specific surface area (2630 m? g ?) of graphene,
however, there will be still much room for improving perfor-
mances of the graphene-based ECs. The relatively small
capacitances of graphene-based ECs [5-9] seem to arise from
an inevitable aggregation of graphene nanosheets obtained by
chemical or electrochemical reduction of GO such as leading
to the decrease of their effective surface area.

One of potential approaches to increase Cyps or energy
densities of ECs is to use pseudocapacitances inherent to
the redox active materials such as conducting polymers and
metal oxides [1,10,11], although these electrode materials giv-
ing pseudocapacitance need be nanostructured [12-14]. Vari-
ous composites comprising carbon and redox active
materials have been explored and applied to ECs [15-25].
Composites of graphene and polyaniline (PANI), in particular,
are of scientific and industrial interest because of excellent
properties of PANI such as extremely high conductivity, high
specific surface area, and superior stability, along with low
costs of both materials. Several techniques have been devel-
oped for preparing the graphene/PANI or GO/PANI compos-
ites, including chemical or electrochemical polymerization
of aniline in the presence of graphene or GO [18-22], a direct
mixing of PANI nanofiber and chemically converted graphene
[23], or exfoliation of graphite oxide by polymerization of
intercalated aniline [24]. In most of graphene/PANI composite
studies reported so far, reduction of GO to graphene and poly-
merization of aniline to PANI were carried out successively
[19-22] or separately [23]. Consequently, it was difficult to con-
trol aggregation of graphene nanosheets during the reduction
of GO or agglomeration of PANI nanofibers during polymeriza-
tion of aniline, thus leading to the lowerings of Cs, and the cy-
cle durability of the graphene/PANI composites.

In the present study, a one-step electrosynthesis using a
two-electrode cell is demonstrated to fabricate graphene/
PANI composites from a mixture of GO and aniline. The
two-electrode cell consisted of two similar GO/aniline films
sandwiching a separator containing acid and an alternating
voltage was applied to the cell. During a voltage cycling, GO
in the GO/aniline film deposited on one electrode was reduced
to graphene concurrently with oxidation of aniline to PANI at
the other electrode, and vice versa in the reverse voltage
application. Just by repeating a voltage cycling, GO/aniline

films were completely converted to graphene/PANI compos-
ites and the sandwich-type cell configuration enabled us to
prepare graphene/PANI composites of various film thick-
nesses. The composite films in the two-electrode cell showed
Csp values of 195-243F g* at a relatively high scan rate of
100 mV s~ in acid solutions. In addition, the capacitance of
the composite film remained 83% of an initial value even after
20,000 charge-discharge cycles, indicating a greatly improved
electrochemical stability. Free-standing graphene/PANI films
with a high mechanical strength, flexibility, and conductivity
(68 S cm ™) were easily obtained by this very simple prepara-
tion method.

An electrochemical synthesis of the graphene/PANI com-
posite was reported recently [26], where a drop cast or spun
film of a mixture of GO and aniline deposited on a conductive
substrate was reduced and oxidized in a H,SO, solution by cy-
cling a potential in the three-electrode system. At an early
stage of our present study, we also prepared the graphene/
PANI composite in a similar way. In this technique, however,
it was difficult to prepare thick composite films because they
were likely to be peeled off from the electrode surface. This
inconvenience hinted us to employ a two-electrode cell
configuration.

2. Experimental
2.1.  Preparation of GO/aniline films

GO was synthesized from a natural graphite powder (SNO-10
from SEC Carbon Ltd.) by a modified Hummers method
[27,28]. Typically, graphite powder (2.0g) was put into an
80 °C solution of concentrated H,SO, (5 mL), K,S,0g (1.0 g),
and P,0s (1.0 g). After being kept at 80 °C for 5 h, the mixture
was cooled to room temperature, carefully diluted with deion-
ized water (200 mL), and left overnight. The mixture was then
filtrated and washed with a Buchner funnel until pH of the
rinse water became neutral. The filtrate was dried in air at
ambient temperature overnight and then put into a concen-
trated H,SO, (80 mL) at 0 °C. KMnO, (8 g) was added gradually
with stirring and cooling so that the temperature of the mix-
ture was kept below 20 °C. The mixture was then stirred at
35°C for 2h, and deionized water (100 mL) was carefully
added in an ice bath to keep the temperature below 50 °C.
The mixture was stirred for 2h. Then a large amount of
deionized water (400 mL) containing 30% H,0, solution
(10 mL) was added to the mixture to terminate the reaction,
at which bubbles were generated and the color of the mixture
changed to bright yellow. The mixture was filtrated and
washed with 1:10 (volume ratio) HCl aqueous solution
(500 mL) to remove metal ions. However, it was difficult to re-
move acids from the residue by filtration with deionized
water because the residue became very viscous when being
washed with water. Therefore, to remove metal ions and
acids completely, the residue was put in deionized water,
and the viscous and brown dispersion of about 2% w/v was
subjected to dialysis for one week. The stock solution
(10 mgmL™?, pH 2.6) was prepared and different concentra-
tions of GO dispersions were obtained by diluting the stock
solution, being followed by exfoliation due to ultrasonication
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