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ABSTRACT: Poly(3,4-ethylene dioxythiophene) (PEDOT)
and graphite oxide (GO)/PEDOT composites (GPTs)
doped with poly(sodium styrene sulfate) (PSS) were syn-
thesized by in situ polymerization in aqueous media. The
electrochemical capacitance performances of GO, PEDOT—
PSS, and GPTs as electrode materials were investigated.
The GPTs had a higher specific capacitance of 108 F/g
than either composite constituent (11 F/g for GO and
87 F/g for PEDOT-PSS); this was attributable to its high
electrical conductivity and the layer-within/on-layer
composite structure. Such an increase demonstrated that

the synergistic combination of GO and PEDOT-PSS had
advantages over the sum of the individual components.
On the basis of cycle-life tests, the capacitance retention of
about 78% for the GPTs compared with that of 66% for
PEDOT-PSS after 1200 cycles suggested a high cycle
stability of the GPTs and its potential as an electrode
material for supercapacitor applications. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 121: 892-898, 2011
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INTRODUCTION

Digital communications, electric vehicles, and other
devices that require electrical energy at high power
levels in relatively short pulses have prompted consi-
derable research on supercapacitors. Supercapacitors
can be divided into two categories on the basis of their
charge-storage mechanism: electrical double-layer
capacitors (EDLCs) and redox supercapacitors. Energy
storage in an EDLC is due to the charging of the electri-
cal double layer at the electrode-electrolyte interface;
however, a redox supercapacitor uses faradic reactions
in addition to the double-layer charge."™ The main
materials used for supercapacitor electrode prepara-
tion include carbon materials, such as activated car-
bon, carbon nanotubes, and activated carbon fibers,”™®
and electroactive materials with several redox states or
structures, such as transition-metal oxides (e.g., oxides
of ruthenium, nickel, cobalt, indium, tin, and manga-
nese)’ ' and conducting polymers.'> ¢
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The high cost and/or toxic characteristics of inten-
sively studied inorganic supercapacitor electrode
materials, such as carbon nanotubes and RuQO,, have
limited their application as supercapacitor electro-
des. Nowadays, most research on supercapacitors
aims to increase the electrochemical performance
and lower the fabrication costs and to simulta-
neously use environmentally friendly materials.
Graphite oxide (GO), with a low fabrication cost and
an environmentally friendly nature, can be obtained
on a large scale by the chemical oxidation of gra-
phite, and it possesses a number of hydroxyl
and epoxide functional groups anchored on sp-
hybridized carbon atoms on both surfaces of each
sheet and considerable amounts of sp>-hybridized
carbon-atom-containing carboxyl and carbonyl
groups at the sheet edges.w*zo Unfortunately, the
functional groups and poor electrical conductivity
resulting from the oxidation of the graphite can be
obstacles for electrolyte motion between the gra-
phene sheets. As a result, pristine GO, mainly pos-
sessing electric double-layer capacitance, provides a
low specific capacitance (<30 F/g).*' To improve
the electrochemical performance of pristine GO,
poly(sodium styrene sulfate) (PSS)** and poly(ethylene
oxide)-co-poly(propylene oxide)” have been incorpo-
rated into GO to form composites, and these have
shown improvements in the specific capacitance.

Conducting polymers have also been regarded as
alternative electrode materials for electrochemical
supercapacitors because of their pseudocapacitive
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behaviors." However, the problem of their degrada-
tion during cycling has to be solved. It has been
already reported that composites based on carbon and
conducting polymers, such as polypyrrole and poly-
aniline, are very interesting electrode materials for
such supercapacitor applications.**** Among the con-
ducting polymers, poly(3,4-ethylene dioxythiophene)
(PEDOT), a derivative of polythiophene, has been
paid more attention. PEDOT presents a moderate
value of the theoretical specific capacitance (210 F/g)
because of its relatively high molar mass. Because of
its moderate band gap, unique structural properties,
and reaction mechanism, PEDOT has several advan-
tages, such as a high transparency in the visible
regime, excellent environmental stability, a wider
potential window, suitable morphology, and high con-
ductivity in a doped state (n or p type).””*® The stabi-
lity of PEDOT in the oxidized form, its high conduc-
tivity, and its interesting electrochemical behavior
allow this material to be used as an electrode in elec-
trochemical capacitors. Therefore, PEDOT and its
composites as electrode materials have been investi-
gated for supercapacitors.”” > However, the long-term
stability of PEDOT, similar to all other conducting
polymers, could be a serious problem because of the
typical shrinkage, breaking, and cracks appearing
in subsequent cycles that are connected with volume-
tric changes of the polymer during the intercalation/
deintercalation of counter ions. Thus, the combination
of GO and PEDOT could be attractive for reinforcing
the stability of PEDOT and for maximizing the capaci-
tance value. To the best of our knowledge, the capaci-
tor behavior of GO/PEDOT composites (GPTs) has
not been reported so far.

In this study, PSS, the conventional dopant of
PEDOT, which could circumvent the low solubility of
3,4-ethyldioxythiophene (EDOT), was used in the
preparation of PEDOT and GPTs. GPTs were synthe-
sized by a very facile in situ polymerization method in
aqueous media. The electrochemical performances of
GO, PEDOT-PSS, and GPT electrodes for supercapa-
citors were investigated. The composite electrode
materials were expected to greatly improve the per-
formances of the supercapacitors and to lead to a
higher energy and power capability for various
applications.

EXPERIMENTAL
Materials

GO was synthesized from natural graphite (325 mesh),
which was kindly supplied Shandong Pingdu Graphite
Co. (Qingdao, China). EDOT (Aldrich, Germany) was
purified by distillation under reduced pressure and
stored in a refrigerator before use. The oxidant
ammonium persulfate (APS) was analytical grade and
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was purchased from Shanghai Lingfeng Chemical Rea-
gent Co. (Shanghai, China). PSS (molecular weight =
80,000) was analytical grade and was obtained from
Aldrich. All other reagents were analytical grade and
were used as supplied without further purification.

Preparation of GO

GO was prepared by Hummer and Offeman’s
method.* Natural graphite powder was oxidized
with  KMnO, in concentrated H,50,. Graphite
powder (10 g) was added to 230 mL of cooled (0°C)
H,S04 (98%). KMnOy (30 g) and NaNO; (5 g) were
added gradually with stirring and cooling to keep
the temperature in the reactor at 10-15°C. The mix-
ture was then stirred at 35°C for 30 min. Deionized
water (250 mL) was slowly added to increase the
temperature to 98°C, and the mixture was main-
tained at that temperature for 15 min. The reaction
was terminated by the addition of 1 L of deionized
water followed by 100 mL of a 5% H,O, solution.
The solid product was separated by centrifugation,
washed repeatedly with a 5% HCI solution until
sulfate could not be detected with BaCl,, and then
washed three to four times with acetone and dried
in a vacuum oven at 60°C for 24 h.

Preparation of PEDOT-PSS

PSS (40 mg) was added to 20 mL of deionized water
and sonicated to obtain a homogeneous PSS aqueous
solution. EDOT monomer (110 pL, 1 mmol) was
added dropwise to the previous solution and stirred
for 20 min, and then, 2.5 mmol of APS was added in
one portion. The polymerization was allowed to pro-
ceed overnight at room temperature. The product
obtained was filtered and washed with deionized
water and dried at 60°C for 24 h in vacuo.

Preparation of the GPTs

The GPTs were synthesized in a manner similar to
an earlier work.>* GO (100 mg) was added to 20 mL
of PSS aqueous solution (40 mg of PSS dissolved in
20 mL of deionized water) and stirred for 4 h. The
resulting colloidal solution of GO was then sonicated
for 30 min. EDOT (110 pL, 1 mmol) and the oxidant
APS (2.5 mmol) aqueous solution were added one
after the other to the GO colloidal solution under
vigorous stirring. The polymerization was allowed
to proceed overnight at room temperature. The
obtained product was filtered, washed with de-
ionized water, and dried at 60°C for 24 h in vacuo.

Characterization

The morphological and structural characterization of
GO, PEDOT-PSS, and the GPTs were analyzed by
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Fourier transform infrared (FTIR) spectroscopy,
scanning electron microscopy (SEM), and X-ray
diffraction (XRD). The FTIR spectra were recorded
from KBr pellets on a Bruker VECTOR22 FTIR spec-
trometer (USA). The SEM images were obtained
with a Hitachi 4800 scanning electron microscope
(Japan). The specimens were platinum-coated before
examination. XRD patterns were obtained with a
Rigaku D/MAX-RC X-ray diffractometer (Japan)
with Cu Ko radiation. The electrical conductivity
measurements were conducted on pressed pellets by
the conventional four-probe technique at room tem-
perature. The Brunauer-Emmett-Teller (BET) N,
surface area and pore size distributions of the pre-
pared composites were characterized with an Omini-
sorp 360 auto adsorption analyzer (Coulter, USA).

The electrochemical capacitive performances of
GO, PEDOT-PSS, and the GPTs were evaluated
separately with a three-electrode system. The work-
ing electrodes were fabricated by the mixture of
electroactive materials (GO, PEDOT-PSS, GPTs),
carbon black, and polytetrafluoroethylene in a mass
ratio of 85 : 10 : 5 to make a homogeneous mixture.
The resulting mixture was pressed onto a graphite
current collector. The platinum foils and a saturated
calomel electrode (SCE) were used as counter and
reference electrodes, respectively. The electrolyte
was 1M H,SO,. Cyclic voltammetry, galvanostatic
charge-discharge, and electrochemical impedance
spectroscopy were performed with a CHI660C
electrochemical workstation (Shanghai Chenhua
Instruments Company, Shanghai, China). Cyclic vol-
tammetry tests were performed between —0.8 and
0.2 V at 10 mV/s. Galvanostatic charge-discharge
curves were measured at a constant current density
of 500 mA/g. Electrochemical impedance spectros-
copy measurements were carried out in the fre-
quency range from 10° to 0.01 Hz at open-circuit
potential with an alternating-current perturbation of
5 mV. Galvanostatic cycling was performed between
—0.2 and 0.8 V at a constant current density of 500
mA/g 1200 times with a LAND cell-testing system
(Szland CT2001C, Wuhan, China) to evaluate the
cycle stability.

RESULTS AND DISCUSSION

Figure 1 shows the FTIR spectra of GO, pristine
PEDOT, PEDOT-PSS, and the GPTs. Figure 1(a)
represents a typical IR spectrum of GO in accor-
dance with the reported literature.®> The band
centered at 1720 cm ' was associated with the
stretching of the C=0O bond of carbonyl or carboxyl
groups. The bands centered at 1618 and 1384 cm ™'
were attributed to deformations of the O—H bond in
water and the CO—H groups, respectively. It was
clear that the strong band ascribed to the C—H
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Figure 1 FTIR spectra of (a) GO; (b) pure PEDOT; (c)
PEDOT-PSS; (d) GPTs. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

bending mode at 891 cm ' disappeared in the PEDOT
bulk powder [pristine PEDOT; Fig. 1(b)] in compari-
son with the monomer spectrum; this demonstrated
the formation of the PEDOT chains with o—o cou-
pling. The vibrations around 1520 and 1351 cm '
were attributed to the stretching modes of C=C and
C—C in the thiophene ring.***” The vibration modes
of the C—S bond in the thiophene ring®® were seen at
983 and 843 cm ™. The bands at 1145 and 1053 cm ™"
were assigned to the stretching modes of the ethylene-
dioxy group, and the band around 921 cm™" was due
to the ethylenedioxy ring deformation mode.**?
With the PEDOT bulk powder spectrum as a refer-
ence, the FTIR spectra of both PEDOT-PSS and the
GPTs [Fig. 1(c,d)] showed the characteristic peaks of
pristine PEDOT. The vibration band attributed to
C—C stretching in the thiophene ring in PEDOT-PSS
and the GPTs had a redshift from 1351 to 1340 and
1334 cm . This was related to the electrostatic inter-
action between the EDOT cations and the PSS anions
and the electronegative functional groups on the GO
layers for the GPTs. GO bands were scarcely detecta-
ble in the GPT spectrum, probably because either they
were too weak or they overlapped with the absorp-
tion peak of PEDOT.

The XRD patterns provided useful information
about the d-spacing of GO and the GPTs when
Bragg’s law was followed at the peak positions:

d = nk/(2 sinb)

where 0 is the angle between the incident ray and
the scattering planes, 1 is an integer determined by
the order given, and A is the wavelength. As shown
in Figure 2, the XRD pattern of GO was different
from that of the GPTs. Pristine GO had a layered
structure with an interlayer spacing of 0.80 nm. This
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Figure 2 XRD patterns of (a) GO; (b) PEDOT-PSS; (c)
GPTs. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

suggested that there existed intercalated water in the
layer of GO because the GO interlayer distance
depended strongly on the GO:H,O ratio.*® As shown
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in Figure 2(b), two broad and diffused reflection
peaks near 20 = 13 and 25° were observed in the
XRD pattern of PEDOT-PSS; these were attributed
to PEDOT with an amorphous structure.”” The XRD
pattern of the GPTs showed an amorphous halo
near 20 = 15.7°. The halo was interpreted as scatter-
ing from the irregularly aggregated GO sheets.*’
This indicated that the polymerization of EDOT
caused the partial delamination of the stacked GO
plates. In such exfoliated composites, the incorpora-
tion of PEDOT into the GO provided a low resis-
tance path within the electrode, and the existence of
SOzH groups in PSS generated a pathway for pro-
tonic species, which increased the ionic conductivity
of the GPTs.*! As a result, the electrochemical pro-
perties of the GPTs were promoted. In addition, the
GPTs exhibited an intense diffraction peak at about
20 = 25.6° (i.e., d = 0.35 nm); this indicated some
crystalline order of PEDOT in the GPTs.

SEM images of GO, PEDOT-PSS, and the GPTs at
different magnifications are presented in Figure 3.
Figure 3(A,a) shows that a considerable number of

Figure 3 SEM images of (A,a) GO, (B,b) PEDOT-PSS, and (C,c) GPTs.
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Figure 4 (E = potential, I = current). Cyclic voltammo-
grams of GO; PEDOT-PSS and GPTs in 1M H,SO, at
10 mV/s. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

GO layers overlapped tightly together in an irregular
form with the size of 10s of micrometers. PEDOT-PSS
showed the typical morphology of submicrometer- or
micrometer-sized layered structures stacked on each
other. A significant change in the morphology [Fig.
3(C,c)] was observed when EDOT was polymerized in
the presence of GO. As shown in Figure 3(c), the GO
layers were partially delaminated into individual
micrometer-sized GO layers in the GPTs; this was in
agreement with the results of the XRD patterns. The
surface of GO became fluffy [Fig. 3(C)] because of
the incorporation of PEDOT-PSS and formed layer-
on/within-layer composite structure. Such a special
structure might have led to more sites that were
susceptible to redox reactions, a greater active area,
and consequently, higher capacitance.

The cyclic voltammograms of GO, PEDOT-PSS, and
the GPTs, with a potential window from —0.2 to 0.8 V
(vs SCE), are shown in Figure 4, and the representative
charge/discharge curves at a current density of 500
mA /g are shown in Figure 5. The specific capacitance
(C,) of the samples were estimated from the discharge
process according to the following equation:

C IAt
Cn = m  mAv )
where C is capacitance, I is the discharge current, At
is the discharge time, m is the mass of the active ma-
terial, and Av is the potential drop in the discharge
progress.

The cyclic voltammetry curve of GO showed a
small deviation from an ideal rectangular shape; this
indicated good charge propagation within the elec-
trode. However, the C,, value calculated from the
discharge process shown in Figure 5(a) was only

Journal of Applied Polymer Science DOI 10.1002/app
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11 F/g, probably because of the low conductivity of
GO prepared here (1 x 107> S/cm). The functional
groups on the GO layers should have made the elec-
tron pathway discontinuous during the charge and
delivery processes. As shown in Figure 4(b,c), the
curves of PEDOT-PSS and the GPTs displayed
rectangle-like shapes; this showed a very fast elec-
trochemical switch. The output currents of PEDOT-
PSS and the GPTs were much larger than that of
pristine GO. Because capacitance can be estimated
from the output current divided by the scan rate,
this indicated that the specific capacitances of
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Figure 5 Galvanostatic charge-discharge curves of (a)
GO, (b) PEDOT-PSS, and (c) GPTs at a constant current
density of 500 mA /g (E = potential, ¢ = time).
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Figure 6 The specific capacitance change of PEDOT-PSS
and GPTs at a constant current density of 500mA/g as a
function of cycle number. (Z' = realistic impedance, Z" =
imaginary part of the impedance test.) [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

PEDOT-PSS and the GPTs were larger than that of
GO. This improvement may have been due to the
high surface area and good conductivity of PEDOT-
PSS (1.4 S/cm) and the GPTs (1.0 S/cm). The accu-
rate C,, values obtained from the discharge process
in Figure 5(b,c) were 87 and 108 F/g for PEDOT-
PSS and GPTs, respectively. When EDOT was poly-
merized in the presence of GO, the obtained GPTs
retained the most facile pathways for both electron
and proton conduction and had the best utilization
compared to both GO and PEDOT-PSS; this resulted
in the high specific capacitance. As a result, the
specific capacitance of the resultant GPTs (108 F/g)
was correspondingly promoted and was even higher
than the sum specific capacitances of GO (11 F/g)
and PEDOT-PSS(87 F/g); this may have been a
synergistic effect of the pristine component. It is
known that the BET surface area is directly corre-
lated to EDLC. The BET (N») specific surface area of
the GPTs was 19 m?/g. Calculation of the pure
EDLC with the BET (Nj) sgeciﬁc surface area of an
average value of 20 uF/cm” gave an EDLC value of
about 3.8 F/g for the GPTs, which was much lower
than the corresponding measured C,, of 108 F/ g.42
Therefore, it was demonstrated that the main com-
ponent of the measured C,, was produced from the
pseudocapacitive surface redox process. In addition,
for the GPTs, when the current density was
increased to 2 A/g, the specific capacitance still
remained at a high level of 88 F/g without a signifi-
cant decrease in the charge-discharge cycling.
Typical Nyquist plots of GO, PEDOT-PSS, and GPT
electrodes are given in Figure 6. The presence of the
semicircles indicates an obvious resistance for elec-
tron conduction in the GO electrode.**** This may
have been due to the presence of functional groups to
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hinder electron conduction between the GO aggre-
gates. For the case of PEDOT-PSS and the GPTs, a
semicircle at high frequency was not detected; this
indicated that interfacial charge-transfer resistance
among them was significantly low because of their
high conductivity. At low frequency, the impedance
plots of PEDOT-PSS and the GPTs exhibited a slightly
tilted vertical line of a limiting diffusion process in
the electrolyte of 1M H,SOy; this is a characteristic
feature of pure capacitive behavior.

The cycle-life tests of PEDOT-PSS and the GPTs
as supercapacitor electrodes were carried out after
sequential charge-discharge cycling at a constant
current density of 500 mA/g. As is obvious in
Figure 7, the loss of specific capacitance for PEDOT-
PSS was larger; a capacitance retention of about 66%
was found over 1200 cycles. In contrast, the loss of
specific capacitance for the GPT electrode was
smaller and showed a stable cycle life; a capacitance
retention of about 78% was found over 1200 cycles.
These data suggested that the presence of GO sheets
in the GPTs improved the cycling stability of the
supercapacitors, likely because of the constructed
layer-on/within-layer composite structure of the
GPTs. Such a low decrease in the specific capacitance
after a long time of operation indicated the high
stability of the composites and their potential as elec-
trode materials for long-term capacitor applications.

CONCLUSIONS

In this study, GPTs for electrochemical electrodes
were fabricated, and their performance for super-
capacitor electrodes was investigated. The incorpora-
tion of PEDOT in the GPTs led to an improved elec-
trical conductivity, and this resulted in a high

120
100
GPTs
80 - \
| PEDOT-PSS
60 -

a0 |-

Specific capacitance(F/g)

20 -

T . T ¥ T . T L1 T % T . T
0 200 400 600 800 1000 1200
Cycle number

Figure 7 The specific capacitance change of PEDOT-PSS
and GPTs at a constant current density of 500mA/g as a
function of cycle number. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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specific capacitance. The specific capacitance of the
GPTs was found to be as high as 108 F/g at a
constant current density of 500 mA /g; this was even
higher than the sum of the specific capacitances of
pristine GO (11 F/g) and PEDOT-PSS (87 F/g).
Moreover, the presence of partially exfoliated GO
sheets in the GPTs improved the cycling stability of
the supercapacitors, likely because of the constructed
layer-on/within-layer composite structure of the
GPTs. The loss of the specific capacitance for the
GPT electrode was smaller and showed a stable
cycle life; a capacitance retention of about 78% was
found over 1200 cycles. Our study suggests that
GPTs have promising electrochemical properties for
applications as supercapacitor electrodes.
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