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Abstract An organic–inorganic poly(3,4-ethylenedioxy-
thiophene) (PEDOT)/RuO2·xH2O nanocomposite (approxi-
mately 1 wt.% RuO2) has been successfully prepared for
the first time under microwave irradiation within 5 min
with power 900 W via in situ chemical polymerization. The
morphology and structure of the resultant material is
characterized by transmission electron microscope and
Fourier transform infrared. Moreover, the electrochemical
properties of the synthesized nanocomposite can be
controlled by adjusting the annealing temperature, which
is definitely illustrated by cyclic voltammetry, galvanostatic
charge–discharge, and electrochemical impedance spectra.
Electrochemical data have shown that the PEDOT/
RuO2·xH2O nanocomposite annealed at 150 °C possesses
the most favorable charge/discharge ability with a specific
capacitance of 153.3 F g−1 at a current density of 150 mA g−1

and the high efficient utilization of PEDOT at various
current densities. Furthermore, such composite has a less
capacitance degradation of 23.8% after 1,000 continuous
cycles. The improved electrochemical performance are
mainly attributed to the large electroactive surface of nano-
composite and the existence of amorphous RuO2·xH2O
particles as well as a synergistic effect of the polymer PEDOT
and annealed RuO2·xH2O. Thus, the PEDOT/RuO2·xH2O
nanocomposite annealed at 150 °C can act as a promising
electroactive material for supercapacitor application.
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Introduction

Recently, there has been a great deal of interest in the
synthesis of nanocomposite by using some simple routes
for several applications, such as light emitting diodes,
chemical sensors, supercapacitors, fuel cells, and so on
[1–5]. In particular, the composite combined conjugated
polymers with metal oxides at the “nanoscale” level owns
much enhanced charge-storage ability for the application
of electrochemical capacitors due to the synergistic effects
[6, 7]. Commonly, among all kinds of conjugated polymer,
poly(3,4-ethylenedioxythiophene) (PEDOT), a derivative of
polythiophene, has been paid more attention [8]. Owing to
the moderate band gap, unique structural properties, and
reaction mechanism, PEDOT has several advantages, such
as high transparency in visible regime, excellent environ-
mental stability, low redox potential, good thermal stability,
and high conductivity in doped state either n-type or p-type
[9, 10]. In addition, the combination of PEDOT and metal
oxides also has been demonstrated to offer the improved
electrochemical performance. For example, the intercalated
PEDOT/MoO3 composite has been successfully prepared
with the enhanced electrochemical properties for super-
capacitor [11]. Moreover, Liu and Lee [12] have reported
that the PEDOT/MnO2 composite with the 1D nano-
structure can exhibit extreme excellent capacitive and
mechanical properties for energy storage applications.

On the other hand, in order to broaden the scope of this
organic–inorganic hybrid material based on the polymer
PEDOT and enhance their electrochemical redox behaviors,
many families of noble transition metal oxides can be
considered. Particularly, hydrous ruthenium oxide
(RuO2·xH2O) in either crystalline or amorphous hydrous
form has been already recognized as the most promising
electrode material for electrochemical capacitor [13, 14]
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based on the fact that RuO2·xH2O with the porous structure
may show much better reversible faradic capacitive
performance in acidic electrolyte according to the following
non-stoichiometric reaction [15].

RuOX OHð ÞYþde�þdHþ! RuOX�d OHð ÞYþd: ð1Þ
Consequently, they can offer a remarkable specific

capacitance value ranging from 720 to 760 F g−1 [16]. To
date, the combination PEDOT with RuO2·xH2O can enable
the distinct elevation of electrochemical properties com-
pared with the common polymer electrode itself. Hong et
al. [17] have demonstrated that the PEDOT/RuO2 compos-
ite electrode has an enhanced capacitance of 420 F g−1 by
depositing RuO2 on the conducting polymer PEDOT.
Huang et al. [18] have reported that PEDOT–PSS/RuO2

film can show the enhancement of optical and electrochem-
ical properties because PEDOT–PSS can act as a three-
dimensional, random, and electronically conducting template
which allows the formation of relatively uniform RuO2·xH2O
particles. Unfortunately, the main obstacle for applications
at present is that the cost of noble metal is high, the
preparation of the organic–inorganic material often is low
yield, and the procedure is time-consuming, involving
several steps, some additive and higher energy.

Hence, in this study, the PEDOT/RuO2·xH2O nano-
composite (the mere approximately 1 wt.% RuO2) can be
largely synthesized by in situ chemical polymerization with
the simple microwave-assisted within 5 min under power
900 W. To the best of our knowledge, the fast-growing field
of synthesized PEDOT-based nanocomposite with
RuO2·xH2O to enhance the electrochemical performance of
materials for supercapacitor using microwave-assisted poly-
merization has not been explored yet. In addition, the
influence of annealing temperature upon the electrochemical
performance of the resultant PEDOT/RuO2·xH2O nano-
composite is also investigated here, and the electrochemcial
results have illuminated that the PEDOT/RuO2·xH2O nano-
composite (the mere presence of approximately 1 wt.%RuO2)
annealed at 150 °C can display the favorable electrochemical
properties due to the large electroactive surface, the existence
of RuO2·xH2O particles, and a synergistic effect for the
nanocomposite. Consequently, the as-synthesized PEDOT/
RuO2·xH2O nanocomposite can be considered as a promis-
ing candidate material for supercapacitor application.

Experimental

Synthesis of PEDOT/RuO2·xH2O (approximately
1 wt.% RuO2)

3,4-Ethylenedioxythiophene (EDOT, 99%) and RuCl3·xH2O
solution were both obtained from Aldrich. Ammonium

persulfate (APS), sulfuric acid (H2SO4), and ethanol were
analytical grade and purchased from Shanghai Chemical
Reagent. Aqueous solution was prepared with doubly
distilled water.

The procedure employed for preparing the PEDOT/
RuO2·xH2O nanocomposite was as follows: in a typical
synthesis, 0.75 mL EDOT was dispersed in H2SO4 solution
(30 mL, 0.2 M), followed by slowly adding 1 mL
RuCl3·xH2O solution (0.01 g/mL). Then, APS was mixed
with a magnetic stirring and homogenization was continued
for 2 h in order to disperse effectively at room temperature.
Subsequently, the above mixture was moved into the XH-
100A microwave instrument (Haoxiang, Beijing China)
which was equipped with a reflux condenser and conducted
for a fixed time (5 min) with adequate power (900 W). The
result composite was washed several times with distilled
water and alcohol by a centrifugal filtration method and
dried at 60 °C overnight under vacuum. Finally, the product
(the mere presence of approximately 1 wt.% RuO2) was
annealed in air for 3 h at the different temperatures ranging
from 100 °C to 200 °C. For comparison, the pristine
PEDOT and pristine RuO2·xH2O were prepared by the
same procedure as described above except that the precursor
solution was only monomer EDOT and RuCl3·xH2O
solution, respectively.

Morphology characterization

The morphologies and electron diffraction patterns of the
samples were examined by transmission electron micro-
scope (TEM, FEI TECNAI-20). Fourier transform infrared
(FT-IR) spectra were recorded with a model 360 Nicolet
AVATAR spectrophotometer. Atomic force microscopy
(AFM, SPA 300HV, Japan) was used to obtain and
reconstruct a 3D image of the surface of the samples.

Electrochemical measurements

The working electrode, containing 5 mg as-prepared
active material, 0.6 mg acetylene black, and 0.3 mg
polytetrafluoroethylene was mixed well for 15 min.
Then, the solvent (alcohol) was dropped into the above
mixture and ground to form the coating slurry which was
smeared onto the pretreated graphite substrates (area,
1 cm2). Before the electrochemical test, the prepared
electrode was dried in air at 50 °C overnight. Electro-
chemical characterization was carried out in a convention-
al three-electrode cell with 0.5 M H2SO4 as the electrolyte.
The platinum foil and saturated calomel electrode were
used as the counter and reference electrode, respectively.
All electrochemical measurements were performed by
CHI660 electrochemical analyzer system (Chenhua, Shanghai
China).
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Results and discussion

The morphology characteristics of PEDOT/RuO2·xH2O
(approximately 1 wt.% RuO2) nanocomposite

Typical TEM photographs for the as-synthesized pristine
PEDOT and PEDOT/RuO2·xH2O nanocomposite are illus-
trated in Fig. 1a, b, respectively. In addition, TEM

photograph for the PEDOT/RuO2·xH2O nanocomposite
annealed at 150 °C is also shown in Fig. 1c. Note in
Fig. 1a that pristine PEDOT prepared by microwave
irradiation method has a clear and uniformly spherical
morphology. However, as can be seen from the TEM of
PEDOT/RuO2·xH2O, the nanostructure of spherical par-
ticles have been become partially sheet-like due to the
incorporation of RuO2·xH2O into the PEDOT. While

Fig. 1 Typical TEM images
and electron diffraction of
as-synthesized pristine PEDOT
(a, d), PEDOT/RuO2·xH2O
(with approximately 1 wt.%
RuO2) (b, e) and the composite
annealed at 150 °C (c, f)
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PEDOT/RuO2·xH2O nanocomposite is further annealed at
150 °C, the TEM image reveals that the sample is
assembled by many flake-like particles. Moreover, after a
comparison of Fig. 1a–c, the size of pristine PEDOT
particles is a little smaller (approximately 20–30 nm) than
that of PEDOT/RuO2·xH2O composite (approximately
35 nm); subsequently, the size ranging from 70 to 80 nm
can be found after annealing at 150 °C for the PEDOT/
RuO2·xH2O nanocomposite. The above phenomenon indi-
cates that the morphology and size of the samples should be
significantly influenced by the combination with
RuO2·xH2O and the annealing treatment. On the other
hand, a comparison of the electron diffraction patterns for
as-prepared pristine PEDOT, PEDOT/RuO2·xH2O, and
PEDOT/RuO2·xH2O annealed at 150 °C is shown in
Fig. 1d–f. It is apparent that pristine PEDOT is an
amorphous structure because of no diffraction rings.
However, when PEDOT/RuO2·xH2O nanoparticle is suc-
cessfully synthesized and subsequently annealed at 150 °C,
the diffraction ring becomes more and more obvious,
indicating that RuO2·xH2O in the nanocomposite system
is tardily closer to crystalline with increasing the annealing
temperature. Furthermore, the energy dispersive analysis,
shown in Fig. 1f, can reveal the existence of Ru, O, C, and
S species from the contribution of the nanocomposite
composed of PEDOT and RuO2·xH2O.

To further investigate molecular structure of the as-
synthesized PEDOT/RuO2·xH2O nanocomposite by the
microwave-assisted method, FT-IR spectra of pristine
PEDOT and PEDOT/RuO2·xH2O nanocomposites annealed
at different temperatures are shown as curves a–e in Fig. 2,
respectively. Evidently, the curves of PEDOT/RuO2·xH2O
nanocomposite annealed at different temperatures are
almost analogical to that of pristine PEDOT until the
annealing temperature of the nanocomposite is equal to
180 °C. In curves a–d, it is noted that the vibrations at
1,385 and 1,344 cm−1 correspond to the C–C stretching in

the thiophene ring, while peaks at 1,156 and 1,093 cm−1 are
assigned to the stretching modes of the ethylenedioxy
group in the molecule. The bands at 984 and 844 cm−1 can
be ascribed to vibration modes of C–S bond in the
thiophene ring. C–S–C stretching appears at 694 cm−1,
which is in good accordance with the literature [19]. In
addition, the FT-IR spectra also show a small peak at
500 cm−1, which may be influenced by hydrous RuO2.
Nevertheless, the curve of PEDOT/RuO2·xH2O nanocom-
posite annealed at 200 °C is completely different from that
of the others, which can demonstrate that the nanocompo-
site is not subjected to further annealing treatment because
of the collapse of the PEDOT backbone [20]. The peak at
approximately 1,204 cm−1 correspond to the O=S=O
stretching in molecule of SO4

2−, which can also clearly
indicate that H2SO4 has been successfully doped into the
PEDOT polymer matrix.

Comparative voltammetric behaviors of pristine PEDOT
through common chemical process and the microwave
irradiation

Figure 3 shows the cyclic voltammograms of the pristine
PEDOT electrode from −0.2 to 0.7 V, which is synthesized
via common chemical process and the microwave-assisted,
respectively. From a comparison of curves a–b, the
electrochemical current value of pristine PEDOT prepared
by the direct chemical polymerization within 24 h at room
temperature is less than that obtained by the rapid
microwave process, the reason for which may be that the
extreme conditions of microwave method lead to the
formation of free radicals, mechanical shocks, high shear
gradients, and very rapid and efficient mixing in multiphase
systems. Moreover, the microwave effects mentioned above
can also explain why the polymerization of PEDOT with
higher yield is completed in 5 min, while the common

Fig. 2 FT-IR spectra of as-synthesized pristine PEDOT (a), PEDOT/
RuO2·xH2O (b), and the composite annealed at 150 °C (c), 180 °C (d),
and 200 °C (e)

Fig. 3 Cycle voltammograms of the pristine PEDOT via direct
chemical polymerization in 24 h (a) and microwave process in 5 min
(b), respectively. Scan rate, 10 mV s−1. Electrolyte, in 0.5 M H2SO4
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chemically oxidization of PEDOT needs at least 24 h.
However, the polymerization process mainly occurs by á–â
linking, and the linking is almost impossible to be
destroyed easily during polymerization; hence, the micro-
wave irradiation is not likely to change the molecular
bonding patterns of PEDOT. The statement is further
supported by the FT-IR spectra. Otherwise, because of the
high microwave energy, PEDOT chains cannot coagulate
with each other, forming the large aggregates consisting of
small nucleior or particles, resulting in the formation of
spherical particle with the higher porosity as shown in
TEM. As a consequence, PEDOT prepared under micro-
wave irradiation has an enhanced current.

Electrochemical behaviors of as-synthesized
PEDOT/RuO2·xH2O (approximately 1 wt.% RuO2)
nanocomposite

The voltammetric behavior of the pristine RuO2·xH2O
electrode with microwave under 900 W for 5 min is also
shown as curve 1 in Fig. 4a. In addition, curves 2–4 in
Fig. 4a represent the cyclic voltammetric responses of as-
prepared pristine RuO2·xH2O annealed in air for 3 h at

120 °C, 150 °C, and 180 °C, respectively. Obviously, the
temperatures at 150 °C is the optimum condition for
annealing the pristine RuO2·xH2O because of the maximal
voltammetric current and charge value. In addition, the
pristine RuO2·xH2O annealed at 150 °C also has been
demonstrated to have the most ideal capacitive behavior
[21]. On the other hand, typical cyclic voltammetry (CV)
images measured in 0.5 M H2SO4 for as-prepared PEDOT/
RuO2·xH2O and the nanocomposite annealed at 120 °C,
150 °C, and 180 °C are shown as curves 2–5 in Fig. 4b,
respectively. In contrast, the CV of as-prepared pristine
PEDOT is seen from curve 1 in Fig. 4b. Note that the
electrochemical responses of PEDOT/RuO2·xH2O between
the current and the potential approximately follow the same
trace of pristine PEDOT, revealing that the addition of
approximately 1 wt.% RuO2 does not significantly increase
the total capacitance of the organic–inorganic nanocompo-
site, although the voltammetric currents of the pristine
RuO2·xH2O is much higher than that of pristine PEDOT
based on the CV curves both in Fig. 4a, b. However, the
background current value in the potential ranges of −0.2–
0.7 V are improved gradually when the annealing temper-
ature increases from 120 °C to 150 °C, indicating that the
enhancement of electrochemical performance upon PEDOT
incorporation of RuO2·xH2O could become greatly evident
after the annealing treatment. Unfortunately, a drastic
decrease of current value is found when the annealing
temperature is sequentially raised to 180 °C. The above
phenomenon may suggest that the nanocomposite system
could reach a maximum of voltammetric charges in the case
of annealing at 150 °C. Moreover, from a comparison of
curves 2–5, the CV responses between the positive sweep
and negative sweep are the most symmetric for curve 4
of the PEDOT/RuO2·xH2O nanocomposite annealed at
150 °C, suggestive of an ideal electrochemical capacitance
property.

Typical galvanostatic charge–discharge curves measured
in a 0.5 M H2SO4 solution between −0.2 and 0.7 V at
500 mA g−1 for as-prepared pristine PEDOT and PEDOT/
RuO2·xH2O nanocomposite annealed under the different
temperatures are shown as curves a–e in Fig. 5, respective-
ly. Clearly, all the charge curves are almost linear and
somewhat symmetrical to their discharge counter parts,
suggestive of the good electrochemical performance of the
samples. The specific capacitance (SC) of the whole
working electrode (Cm) can be calculated from the
following Eq. 2:

Cm ¼ C

m
¼ I � t

ΔV � m
ð2Þ

where I is the discharge current, t is the overall discharge
time, ΔV is the potential range, and m is the mass of

Fig. 4 a Cycle voltammograms of as-synthesized pristine RuO2·xH2O
electrode (1) and RuO2·xH2O annealed at 120 °C (2), 150 °C (3), and
180 °C (4). b Cycle voltammograms of as-synthesized pristine
PEDOT (1), PEDOT/RuO2·xH2O (2), and the composite annealed at
120 °C (3), 150 °C (4)and 180 °C (5). Scan rate, 10 mV s−1.
Electrolyte, in 0.5 M H2SO4
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electroactive material. Based on the curves a–e in Fig. 5,
the SC of the electrode can be respectively calculated
according to Eq. 2 and listed in Table 1. As a whole, the SC
of composite system is higher than that of PEDOT only
(55.6 F g−1) due to the pseudocapacitance of RuO2·xH2O
nanoparticles. In addition, it is evident that the absolute SC
values of the PEDOT/RuO2·xH2O nanocomposite system
can be enhanced with increasing the annealing temperature
and reach a maximum of approximately 132.4 F g−1 in the
case of annealing at 150 °C, which is in good agreement
with the above CV results. The above result can be favored
by three points. Firstly, PEDOT/RuO2·xH2O nanocompo-
site annealed at 150 °C with the flake-like structure is more
accessible to the electrolyte, and more inner electroactive
sites for the doping/dedoping process can occur in 3D
polymer matrix. The more electroactive surface can be also
favored by the AFM analysis in Fig. 6. The AFM analyses
clearly indicate that the pristine PEDOT has a homoge-
neous surface morphology with very low roughness
(approximately 0.398 nm). Conversely, the surface mor-
phology of PEDOT/RuO2·xH2O nanocomposite significant-

ly changes upon the heat treatment at 150 °C. At this stage,
coalescence of the nuclei takes place, accompanied by the
increase of roughness of the film (approximately 11.4 nm),
resulting in the more electroactive surface. Secondly,
according to Chen and Hu [22], the electronic conductivity
of RuO2·xH2O commonly may be poor because the
amorphous nanostructure should make the electron pathway
discontinuous during the charge storage and delivery
processes. However, the discontinuity in the electron
pathway probably may be improved by the annealing
treatment due to the sintering of amorphous RuO2·xH2O;
moreover, when amorphous RuO2·xH2O particles are
annealed at 150 °C, the samples may retain the most facile
pathways for both electron and proton conduction and have
the best utilization of active species, resulting in the
considerably high SC. As a consequence, the SC of
resultant PEDOT/RuO2·xH2O nanocomposite is corre-
spondingly promoted. Finally, there may be a synergistic
effect for the nanocomposite composed of annealed
RuO2·xH2O and PEDOT.

In addition, as seen from Table 1, the SC value of
PEDOT/RuO2·xH2O significantly degrades when the
annealing temperature is at 180 °C. The reason could be
supported by the fact that the water content of RuO2 is
much less and the crystallization of RuO2·xH2O has been
transformed when further increasing the annealing temper-
ature, which would inhibit the transportation of electrolyte
ions in the bulk.

In summary, when the annealing temperature is at
150 °C, the capacitive behavior of as-prepared PEDOT/
RuO2·xH2O nanocomposite is better than that of composite
system annealed at any other temperature. Therefore, it
would be investigated in detail in the next section. Curves
a–d in Fig. 7 show a comparison of the voltammetric
behavior for PEDOT/RuO2·xH2O nanocomposite annealed
at 150 °C measured at different scan rates. It is noticeable
that all the curves could exhibit the analogously rectangular
shape. Meanwhile, the voltammeric charges integrated from
the positive sweeps are very close to those integrated from
their corresponding negative sweeps, which can illuminate
that the electrode has an excellent reversibility. Further-
more, although the scan rate is increasing discontinuously,
no obvious distortions in CV curves is observed, indicative
of the high power property. All the above results demon-
strate that the PEDOT/RuO2·xH2O nanocomposite annealed
at 150 °C can be considered as a potential candidate in the
application of electrochemical supercapacitors.

The galvanostatic charge–discharge of as-prepared
PEDOT/RuO2·xH2O nanocomposite annealed at 150 °C
measured in 0.5 M H2SO4 between −0.2 and 0.7 V under
150, 300, 500, and 800 mA g−1 are shown as curves a–d in
Fig. 8, respectively. Note that the iR drop turns out to be
much obvious with increasing the applied current density.

Fig. 5 Charge–discharge behavior of as-synthesized pristine PEDOT
(a), PEDOT/RuO2·xH2O (b), the composite annealed at 120 °C (c),
150 °C (e), and 180 °C (d) at the current density of 500 mA g−1 within
a potential window of −0.2–0.7 V. Electrolyte, in 0.5 M H2SO4

Table 1 The SC of PEDOT and PEDOT/RuO2·xH2O composite (with
approximately 1 wt.% RuO2) annealed at different temperatures in
0.5 M H2SO4 electrolyte at the current density of 500 mA g−1

Composites Cm (F g−1)

PEDOT (without doped Ru) 55.6
PEDOT/RuO2·xH2O 60 69.1
PEDOT/RuO2·xH2O annealed at
different temperatures (°C)

120 83.5
150 132.4
180 89.4
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The effect is likely due to a slight damage of the structure
for the PEDOT/RuO2·xH2O nanocomposite electrode by
potentiostatic polarization at a high current density. Fortu-
nately, the charge curves are approximately linear and
almost symmetric to the corresponding discharge curves,
indicating an ideal capacitor behavior between the electrode
and electrolyte. Moreover, the SC of PEDOT/RuO2·xH2O
electrodes discharged from 800- to 150-mA g−1 yield can
be calculated as Eq. 2. Otherwise, the SC based on the mass
of PEDOT in the composite system (Cm,PEDOT) also can be
calculated as Eq. 3:

Cm;PEDOT ¼ Cm; composite � 1� wPEDOTð ÞCm;RuO2�xH2 O

wPEDOT
ð3Þ

where Cm, composite is the SC of the composite electrode,
Cm; RuO2 �xH2 O is the SC of RuO2·xH2O, wPEDOT is the
weight percent of PEDOT in the composite. The total
values of the samples are collected and listed in Table 2. As
seen from Table 2, the PEDOT/RuO2·xH2O nanocomposite
at a current density of 150 mA g−1 has been found to own a
SC of approximately 153.3 F g−1, while the SC contributed

by the PEDOT in nanocomposite system can reach
approximately 149.7 F g−1. Out of question, such high SC
may depend on the microstructure of PEDOT/RuO2·xH2O
nanocomposite annealed at 150 °C, which is profitable to
more electrolyte active ions intercalation into the bulk
material of the PEDOT backbone and RuO2·xH2O particles.
Simultaneously, it is well known that when the current
density increases from 150 to 800 mA g−1, the SC loss of
about 17% (from 153.3 to127.4 F g−1) for the PEDOT/
RuO2·xH2O nanocomposite can be attributable to the less
inner active sites that could be accessed by the electro-
active ions to proceed with the redox transition at a higher
current density [23]. Table 2 also shows that the SC of
PEDOT in the composite system here could be all up to
above 120 F g−1 at different current densities, suggesting
the favorable utilization of PEDOT no matter how high the
discharging current density is.

In order to investigate the electrochemical behavior at
the electrode/electrolyte interface in detail, electrochemical
impedance measurement which used the small sine wave
amplitude of 5 mV and broad frequency range of 105 to

Fig. 7 Cycle voltammograms of as-synthesized PEDOT/RuO2·xH2O
annealed at 150 °C. Scan rates, 100mV s−1 (a), 50 mV s−1 (b), 10 mV s−1

(c), and 5 mV s−1 (d). Electrolyte, in 0.5 M H2SO4

Fig. 8 Charge–discharge behavior of as-synthesized PEDOT/
RuO2·xH2O annealed at 150 °C within a potential window of −0.2–
0.7 V. Current densities, 800 mA g−1 (a), 500 mA g−1 (b), 300 mA g−1

(c), and 150 mA g−1 (d). Electrolyte, in 0.5 M H2SO4

Fig. 6 AFM 3D image for the
surface of pristine PEDOT (a)
and PEDOT/RuO2·xH2O
annealed at 150 °C (b)

J Solid State Electrochem (2009) 13:1925–1933 1931



10−2 Hz is carried out at open-circuit potentials in 0.5 M
H2SO4 electrolyte. Complex plane plots of the impedance
of PEDOT/RuO2·xH2O nanocomposite annealed at 150 °C
and pristine PEDOT electrodes via microwave process are
presented in Fig. 9, respectively. As shown in the inset, it is
obvious that the nanocomposite has the smaller radius of
semicircle in high-frequency region after the introduction of
RuO2·xH2O. Furthermore, the charge transfer resistance
(Rct) related to the faradic process of electrodes can be
estimated according to the radius of semicircle; hence, the
nanocomposite electrode is demonstrated to have the lower
Rct of 0.5 Ω dropping from 0.8 Ω of pristine PEDOT, which
should be ascribed to the more ion intercalation, emersion,
and, subsequently, the increase of the effective active sites
for faradic reactions. As a consequence, the PEDOT/
RuO2·xH2O nanocomposite annealed at 150 °C has a
significant improvement on the conductivity in comparison
with the pristine PEDOT. In the low-frequency region, the
imaginary part of curve b is more vertical with the real
part than that of curve a, which can clearly present the
more excellent ideal capacitive behavior of the annealed
nanocomposite.

In order to test the cycle life of the nanocomposite, the
SC against the CV cycle number in 0.5 M H2SO4 for the
pure PEDOT and the PEDOT/RuO2·xH2O nanocomposite
annealed at 150 °C are shown in Fig. 10. From curves a–b,
the electrochemical stability of the nanocomposite electrode
is higher than that of the pristine PEDOT in the whole
1,000 cycles. Importantly, a rapid loss in capacitance for the
PEDOT/RuO2·xH2O nanocomposite electrode is clearly
found during the initial 400 cycles (from approximately
160 to approximately 125 F g−1), while the SC loss
becomes negligible when the cycle number of CV is above
400. Therefore, though the recyclability of hydrous RuO2 is
poor in H2SO4 solution, the SC of nanocomposite system is
only decayed out approximately 23.8%, while the loss of
SC for the pristine PEDOT is up to approximately 33.3%
during the whole consecutive cycle. Consequently, the
cycle stability of the organic–inorganic hybrid PEDOT/
RuO2·xH2O nanocomposite annealed at 150 °C is even
better than that of pristine PEDOT electrode.

Conclusions

In conclusion, PEDOT/RuO2·xH2O nanocomposite (the
mere presence of approximately 1 wt.% RuO2) have been
successfully prepared via the one-step microwave-assisted
method, which is simple, easy, efficient, and environmen-
tally friendly. The relationships between the annealing
conditions and structural changes for the resultant materials
have been investigated based on the TEM and FT-IR data.
In addition, the CV, galvanostatic charge–discharge, and
electrochemical impedance spectra have demonstrated that
the organic–inorganic hybrid PEDOT/RuO2·xH2O nano-
composite annealed at 150 °C possess the best electro-
chemical properties in three-electrode cell system,

Fig. 9 Typical complex plane impedance plots for as-synthesized
pristine PEDOT (a), PEDOT/RuO2·xH2O annealed at 150 °C (b)
measured at open-circuit potential. Inset, data in the high-frequency
region. Electrolyte, in 0.5 M H2SO4

Fig. 10 Cycle life of as-synthesized PEDOT/RuO2·xH2O annealed at
150 °C (a), the pristine PEDOT gained from microwave-assisted (b).
Electrolyte, in 0.5 M H2SO4

Table 2 The SC of PEDOT/RuO2·xH2O (with approximately 1 wt.%
RuO2) annealed at 150 °C and the SC based on the mass of PEDOT in
0.5 M H2SO4 electrolyte at different current densities

Current densities
(mA g−1)

Cm (F g−1) Cm,PEDOT (F g−1)

800 127.4 124.4
500 132.4 129.4
300 142.5 139.1
150 153.3 149.7
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highlighting the SC of 153.3 F g−1 at a current density of
150 mA g−1, the high efficient utilization of PEDOT in the
nanocomposite system at various current densities, and a
capacitance degradation of 23.8% after 1,000 continuous
cycles. Here, the improvement of electrochemical perfor-
mance could be mainly attributed to the large electroactive
surface of nanocomposite for faradic reaction, the existence
of amorphous RuO2·xH2O particles at 150 °C, and a
synergistic effect of the polymer PEDOT and the annealed
RuO2·xH2O. Therefore, all of above suggest that the
PEDOT/RuO2·xH2O nanocomposite annealed at 150 °C is
a very promising supercapacitor electrode material. Fur-
thermore, the microwave-assisted method described here
could be further developed to be versatile for the synthesis
of other kinds of polymer-based materials.
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