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Abstract

Poly(3,4-ethylenedioxythiophene)/polypyrrole composite electrodes were prepared by electropolymerization of 3,4-ethylenedioxythiophene
(EDOT) on the surface of polypyrrole (PPy) modified tantalum electrodes. The electrochemical capacitance properties were investigated with cyclic
voltammetry (CV), galvanostatic charge—discharge and electrochemical impedance spectroscopy (EIS) techniques with two- or three-electrode cell
configuration. The data showed that the specific capacitance of composite electrodes, due to the synergic effect of poly(3,4-ethylenedioxythiophene)
(PEDOT) and PPy, is much higher than the values of either pure PEDOT or pure PPy electrodes. Moreover, the composites prepared on the surface
of PPy with horn-like structure allow the specific capacitance up to more than 200 F g~! and have a good cycleability. This implies that PEDOT/PPy

composites are promising to be used as electrode material of supercapacitors.
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1. Introduction

Supercapacitors are being considered of various applications
not only coupling with batteries to provide peak power, but
also replacing batteries for memory backup and electric vehi-
cles [1-3].

Many researchers have extensively studied electrically con-
ducting polymers (ECPs), such as polypyrrole (PPy), polythio-
phene (PTh) and their derivatives, because they are promising
electroactive materials for supercapacitors [4—11]. A great inter-
est was recently focused on poly (3,4-ethylenedioxythiophene)
(PEDOT), which is a derivative of PTh [6-8]. It is characterized
by a good thermal and chemical stability, fast electrochemical
switching and a high electrical conductivity in the p-doped state
(easily up to 550 S cm~!) [12]. What was the most attractive, as
a promising electrode material of supercapacitors, PEDOT had
wider potential window. However, PEDOT, due to its relatively
high molar mass, presented a moderate value of theoretical spe-
cific capacitance (210 F g~!) compared to PPy (620 F g~ !) did
[7]. In order to reach their theoretical specific capacitance, the
ECPs composites were often prepared with carbon nanotubes
(CNTs) or graphite fiber in the past researches [6—11].
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In the present study, PEDOT/PPy composite electrodes
were prepared by the galvanostatical electropolymerization of
PEDOT on the PPy-modified electrode. Since we were inter-
ested in composites serving as active electrode materials in
electrochemical supercapacitors, their relevant electrochemical
properties were investigated by means of cyclic voltamme-
try (CV), galvanostatical charge—discharge and electrochemical
impedance spectroscopy (EIS) tests.

2. Experimental
2.1. Materials

3,4-ethylenedioxythiophene (EDOT, Bayer, 99%) and pyr-
role (Py, Fluka, 99%) were distilled prior to use. All other
reagents were obtained from commercial sources and were used
as received. Sodium p-toluenesulfonate (PTSNa) was used as a
surfactant and supporting salt for all the electrochemical poly-
merizations. LiClO4 was used as a supporting salt in all the
electrochemical examinations.

2.2. Electrode preparation and characterization

Pure PPy or PEDOT electrodes were galvanostatically pre-
pared on tantalum electrodes (10 mm x 10 mm x 0.1 mm) in
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a solution containing 0.3M Py or EDOT and 0.1 M PTSNa.
By adjusting the pH of solutions and the current density, PPy
films with two kinds of morphology were obtained: cauliflower
and horn-like structure. Scanning electron microscope (SEM)
observations of samples were carried out on a Hitachi S-2700
apparatus.

PEDOT/PPy composite electrodes were obtained by galvano-
statical electropolymerization of EDOT on the PPy-modified
electrodes. The appropriate molar ratio (such as 1:5) of the PPy
and PEDOT was obtained by controlling the electropolymer-
ization charge of PPy and PEDOT. The mass of PEDOT/PPy
composite was determined by the electronic balance (AG 135,
Mettler-Toledo).

2.3. Electrochemical test

The electrochemical performance was determined in 1M
LiClO4 solutions using cyclic voltammetry (CV), electro-
chemical impedance spectroscopy (EIS) and galvanostatical
charge/discharge techniques. All electrochemical tests were per-
formed on VMP2 (Princeton applied research) linked with
a computer. In three-electrode system, a platinum sheet was
used as counter electrode, and saturated calomel electrode
(SCE) as reference electrode. Two-electrode systems consisted
of two almost identical PEDOT/PPy composite electrodes,
serving as the working electrode and the counter electrode,
respectively.

The scanning rates of CV tests ranged from 1 to S0mV s~
The capacitance could be calculated by integrating the current
of a CV curve in half cycle.

The frequency range of EIS tests was 100 kHz—10 mHz. The
capacitance could be calculated from the data of EIS by the
ZSIMPWIN, an analysis software attached to VMP2.

The current density of charge/discharge ranged from 0.5 to
50 mA cm™2. The discharge capacitance C was calculated from
the linear part of discharge curves using the following formula:
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where i is the current and At the time interval for the change in
voltage AV.
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3. Results and discussion

Fig. 1(a) shows the CV curves of pure PEDOT electrode. The
shapes of CV curves are nearly rectangle, which is characteristic
of electrochemical capacitors. The specific capacitance is about
110F g~ ! at the scanning rate of 5mV s !, and about 90 F g ~! at
10mV s~!. Thinner PEDOT films could supply higher specific
capacitance, but such thin films could hardly find any application
for energy storage.

Therefore, we adopted two kinds of PPy to modify the
PEDOT, cauliflower-like PPy (PPy-c) and horn-like PPy (PPy-
h), their SEM as showed in Fig. 2. It is found that the specific
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Fig. 1. CV curves of pure PEDOT, mass of 7.5 mg (a); pure PPy films, scanning rate 5mVs~! (b) and PEDOT/PPy-c and PEDOT/PPy-h composites, scan rate
2mVs~! (c), three-electrode system.



372 Y. Xu et al. / Journal of Power Sources 159 (2006) 370-373

25KV X2000

Fig. 2. Scanning electron micrographs of PPy-c (a); PPy-h. (b).

surface area of PPy-h is larger than that of PPy-c. Fig. 1(b)
presents their CV curves. It is indicated that PPy-h could
present higher specific capacitance (~130Fg~!) than PPy-c
(~100F g~ 1) could.

The CV curves of PEDOT/PPy-c and PEDOT/PPy-h are
shown in Fig. 1(c). Their specific capacitances from the data of
Fig. 1(c) are about 160 F g~ ! and about 230 Fg~!, respectively.
It gives a clear proof that a synergic effect of PPy and PEDOT
makes an efficient energy extraction from either pure PEDOT
electrode or pure PPy electrode. What is more, the PEDOT/PPy-
h composite, due to the higher specific surface area, allows the
specific capacitance higher than that of PEDOT/PPy-c.

EIS has been used to study the redox processes of the
PEDOT/PPy composites and to evaluate their ionic and elec-
tronic conductivity as well as specific capacitance [13,14]. An
example (mass of 9.5mg) of EIS (100 kHz-10 mHz) investi-
gation is shown in Fig. 3. In high-frequency area, a charge
transfer-dominated regime is observed, while in low-frequency
area, the diffusion of charge in the polymers dominates. The dif-
ference in the real part of the impedance between low and high
frequencies can be used to evaluate the resistance associated
with the transport within the porous structure of the composite.
The resistance is about 5  cm™2 from Fig. 3. There are two rea-
sons leading to the low resistance. One is that PPy and PEDOT
films are characterized with high electronically conductivity.
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Fig. 3. EIS spectrum of PEDOT/PPy-h, three-electrode system.

The other lies in that PPy and PEDOT are partly dedoped in the
range of all test potential. The imaginary part of the impedance
7" at low frequencies is almost perpendicular to the real part
7', which proves a good capacitance behavior of the system.
The specific capacitance calculated from the Fig. 3is 200F g™,
which is slightly smaller than the value computed from its CV
curve.

Fig. 4 presents the charge/discharge curves of PEDOT/PPy-h
at current load 1 mA cm ™~ in two-electrode system. The curves
are linear in the total range of potential, which signifies an ideal
supercapacitor system. The specific capacitance calculated from
the Fig. 4 is 225 F g~!. The discharge curves at various current
are shown in Fig. 5(a). The specific capacitance calculated from
the data in Fig. 5(a) is shown in Fig. 5(b). The specific capaci-
tance decreases slightly when the current increases.

Galvanostatical charge/discharge tests were also used to char-
acterize the cycling behavior. Several samples were examined
for up to 1000 cycles. The discharge specific capacitance as a
function of cycle number is given in Fig. 6. The specific capaci-
tance (ca. 220 F g~ ! at the beginning of cycling) maintains stable
over 1000 cycles at a current load of 100mA g~! (a maximum
change of only 4 Fg~! is observed).

PEDOT is quite an exceptional conducting polymer that can
be charge/discharge in a wide potential window in aqueous
medium or organic solution. Fig. 7 shows such an electro-
chemical performance (charging until 1.2 V) of PEDOT/PPy
composite (mass of 8.9 mg). It is interesting that the specific
capacitance (around 240 F g~ 1) maintains stable over 100 cycles

at a current load 500 mA g~ !.
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Fig. 4. Galvanostatical charge/discharge curves of PEDOT/PPy-h, mass of
10.1 mg, current density 1 mA cm?, two-electrode system.
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Fig. 5. Galvanostatical discharge curves (a) and discharge capacitance (b) of PEDOT/PPy at various discharge current density, 10.1 mg, two-electrode system.
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Fig. 6. Variation of capacitance as a function of cycle number at charge/
discharge current density of 100mA g~!, two electrodes system.
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Fig. 7. CV curve of PEDOT/PPy-h composite, scanning rate 5SmV s~!, two-
electrode system.

4. Conclusions

PEDOT/PPy composite electrodes present higher specific
capacitance than either pure PEDOT or pure PPy electrodes do.

Especially, PEDOT/PPy-h composite electrodes show a specific
capacitance more than 200Fg~! and a good cycling perfor-
mance. This demonstrates that PEDOT/PPy-h composite is a
kind of very promising electrode material for supercapacitors
with wide potential window.
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