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ABSTRACT: A symmetrical (p/p) supercapacitor has
been fabricated by making use of activated carbon (AC)-poly-
ethylenedioxythiophene (PEDOT)-composite electrodes for
the first time. The composite electrodes have been prepared
via electrochemical deposition of B-napthalenesulphonate
doped PEDOT onto AC electrodes. The characteristics of the
electrodes and the fabricated supercapacitor have been
investigated using cyclic voltammetry (CV) and AC imped-
ance spectroscopy. The electrodes show a maximum specific

capacitance of 158 Fg ' at a scan rate of 10 mV s~ *. This indi-
cates that the in situ electro-polymerization of ethylenedioxy-
thiophene (EDOT) onto AC could improve the performance
of carbon electrodes for use in supercapacitors. © 2007 Wiley
Periodicals, Inc. ] Appl Polym Sci 107: 2165-2170, 2008
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INTRODUCTION

Intrinsically conducting polymers such as polypyr-
role (PPy), Polyaniline, and polyethlendioxythio-
phene (PEDOT) are emerging electro active materials
useful for several applications." PEDOT has devel-
oped into one of the most successful materials from
both fundamental and practical perspectives.” It pos-
sesses several advantageous properties as compared
with other polythiophene derivatives as it has a com-
bination of a low oxidation potential and moderate
band gap with good stability in the oxidized state.””®
Also, by blocking the B-positions of the heterocyclic
ring, the formation of a-B linkages during polymer-
ization is prevented, resulting in a more regiochemi-
cally defined material. In addition to a high conduc-
tivity (ca. 400-600 S cm ™', for both chemically” and
electrochemically®® prepared samples), PEDOT is
also found to be highly transparent, making it an
ideal candidate for several applications including
electrode materials. Conducting polymers show
oxidation-reduction property and also have high
specific surface area. These properties of conducting
polymers are utilized in electrode materials of sec-
ondary batteries and capacitors.”® However the dis-
advantages of conducting polymers include a lower
cycle life in a charge—discharge process than carbon-
based electrodes because of the fact that the redox
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sites in the polymer backbone are not sufficiently
stable for repeated redox process. While activated
carbon (AC) has a higher cycle life, its electrical con-
ductivity and capacitance values are lower than those
of conducting polymers.” To enhance the capacitance
and the conductivity of carbon-based supercapaci-
tors, utilization of electronically conducting polymers
is considered to be a better option. Further, recently
it has been reported that the use of B-napthalenesul-
phonic (B-NSA) acid medium for polymerization of
pyrrole produced nanostructured PPy.'>!" The nano
sized particles, because of their high surface area are
very ideal materials for the capacitor electrodes and
can yield high capacitance. Hence, fabrication of an
AC/PEDOT composite electrode by in situ electropo-
lymerization of ethylendioxythiophene (EDOT) in the
presence of B-NSA acid as dopant and electrolyte
onto the AC electrodes, may produce novel electro-
des with high capacitance. This methodology also
permits incorporation of PEDOT onto larger size
electrodes similar to the electro deposition of metals.
The additional advantage of using PEDOT in the car-
bon composite would be an increase in the permissi-
ble voltage for the symmetrical supercapacitor and
an enhanced practical utility.

In view of all this, as a part of our ongoing pro-
gram on conducting polymer device fabrication,'?
we report in this article, dopant-induced morphol-
ogy modulation in PEDOT preparation and custom-
ization of it onto AC surface to produce a new type
of AC/PEDOT composite electrode and evaluation
of it as an electrode in a p/p symmetrical hybrid
supercapacitor cell configuration using cyclic voltam-
metry, and electrochemical impedance spectroscopy.
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Figure 1 Structure of B-napthalenesulphonate ion doped
PEDOT.

EXPERIMENTAL
Preparation of carbon electrode

AC (Aldrich) was made into a paste by using N-
methylpyrrolidone along with a binder, polyvinyli-
diene fluoride, in the ratio of 70 : 30 using a pestle
and mortar. This paste was then applied with a
brush to a preweighed stainless steel current collec-
tor and dried at room temperature.

Electrodeposition of PEDOT onto carbon electrode

Ethylenedioxythiophene (EDOT) (Aldrich) was dis-
tilled before use. B-Naphthalenesulphonic acid (B-
NSA) (Aldrich) was used as received without further
purification, as a dopant and electrolyte. The deposi-
tion of PEDOT was carried out at room temperature
in a one-compartment cell by galvanostatic polymer-
ization using an AUTOLAB from Eco-Chemie (The
Netherlands). A three electrode system was em-
ployed with saturated calomel electrode as a refer-
ence electrode for p-doping. A platinum foil (5 cm?)
was used as the counter electrode. The typical elec-
trolyte was an aqueous solution of 0.1M EDOT and
0.1IM B-NSA. PEDOT was electrochemically depos-
ited onto the carbon material with a constant current
density 0.3 mA cm 2 for 500 s. Electrochemical half-
cell measurements were conducted in a three-elec-
trode cell equipped with a reference electrode (SCE),
platinum foil as counter electrode and carbon/
PEDOT composite as the working electrode. FTIR
measurements of PEDOT and doped PEDOT were
conducted using a NICOLET AVATAR 330 FTIR
spectrometer. The surface morphology of the pre-
pared electrodes was examined through scanning
electron microscope (SEM) images.

Fabrication of symmetrical (p/p) supercapacitor cell

The capacitor cells were constructed with an electro-
lyte-impregnated separator sandwiched between two
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symmetrical AC/PEDOT composite electrodes. The
electrodes were prewetted with electrolyte before
use. The capacitor performance was characterized by
means of cyclic voltammetry using an AUTOLAB
from Eco-Chemie, AC impedance measurements
were made in the frequency range of 0.1-10° Hz.
The charge-discharge behavior of the fabricated
supercapacitor was tested by using galvanostatic
method.

RESULTS AND DISCUSSIONS

The most practically useful polymerization method
for EDOT is the so-called BAYTRON P synthesis
that was developed at Bayer AG."*'® According to
this method, the polymerization of EDOT in an
aqueous polyelectrolyte (most commonly polystyre-
nesulphonate) solution using NayS,0Og as the oxidiz-
ing agent at room temperature results in a dark
blue, aqueous PEDOT /PSS dispersion, which is com-
mercially available from Bayer AG under its trade
name BAYTRON P. An interesting aspect of BAY-
TRON P is that, after drying, the remaining
PEDOT/PSS film is highly conducting, transparent,
mechanically durable, and insoluble in common sol-
vent. In this article, we report a similar synthesis,
employing an aqueous polyelectrolyte solution of (B-
NSA) acid and the observed capacitance of the
PEDOT/B-NSA film were better compared with pre-
vious reports.””? The increased capacitance may be
due to the formation of fine PEDOT particles of
nanometric size with high surface area and higher
conductivity of the film induced by the dopant.'®!!
The structure of the B-napthalenesulphonate doped
PEDOT may be represented as shown in Figure 1.
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Figure 2 CV of activated carbon on SS electrode at sweep

rates of (a) 50 mV s ! (b) 25 mV s ' (c) 20 mV s ! (d) 10
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Figure 3 CV of PEDOT deposited on SS electrode at
sweep rates of (a) 50 mV s~ (b) 25 mV s~ ! (c) 20 mV s~
(d) 10 mV s,

Cyclic voltammetry responses

Cyclic voltammetry responses for the AC, PEDOT,
AC/PEDOT composite single electrode and the p/p
supercapacitor at various sweep rates are shown in
Figures 2-5. The behavior observed are characteristic
of double layer (AC), redox(PEDOT), and a synchro-
nization of double layer and redox (AC/PEDOT
composite electrode and p/p supercapacitor) capaci-
tive features. The specific capacitance values of the
various electrodes and the supercapacitor (Table I)
have been calculated from the respective cyclic vol-
tammograms using the equation:

C=i/s
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Figure 4 CV of AC/PEDOT composite electrode at
sweep rates of (a) 50 mV s T 25mVs ! (c)20mVs!’
(d) 10 mV s~
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Figure 5 CV of p/p supercapacitor made of AC/PEDOT
composite electrodes at sweep rates of (a) 50 mV s 1 (b)25
mVs!(20mVs?t(d)10mVs L

where ‘s” is the potential sweep rate and ‘I’ is the
average current.

As shown in Table I, a specific capacitance of 158
Fg ' has been obtained for the composite single elec-
trode at the sweep rate of 10 mV s~ '. Whereas, the
same for AC and PEDOT single electrodes and p/p
AC/PEDOT supercapacitor are 12, 75, and 90 Fgfl,
respectively. The data also indicate that the capaci-
tance of the AC/PEDOT single electrode was about
twice that of the p/p supercapacitor. This is quite
justifiable, as two AC/PEDOT electrodes constitute
the electrochemical configuration of a parallel plate
condenser connected in series. Specific capacitance

TABLE I
Specific Capacitance Values of Activated Carbon,
PEDOT, and Activated Carbon/PEDOT, Elelctrodes and
p/p Supercapacitor

Scan Specific
Serial rate capacitance
No. Materials (mV s~ h (Fg ™)

1 Activated carbon 50 8
25 10

20 11

10 12

2 PEDOT 50 28
25 38

20 44

10 75

3 Activated 50 34
carbon + PEDOT 25 67

20 76

10 158

4 Symmetrical AC/PEDOT 50 17
composite electrode 25 33
supercapacitor 20 45

10 90
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Figure 6 (a) SEM image of activated carbon on SS elec-
trode. (b) SEM image of AC/PEDOT composite electrode.

of AC/PEDOT composite electrode is higher at all
sweep rates compared with the specific capacitance
values of individual AC as well as the PEDOT elec-
trodes. The value of capacitance is more than 1 order
higher compared with single AC electrode and about
twice compared to the single PEDOT electrode,
which can be attributed to the combined effect of
double layer and redox supercapacitor capacitive
behavior. This fact can also be observed in their
cyclic voltammograms (Figs. 2-5). Further, it is note-
worthy that this composite electrode shows higher
capacitance compared with that of the PEDOT elec-
trode reported.”'

SEM analysis

Figure 6(a) shows the scanning electron microscopic
images of the AC pasted on to the SS panel exhibit-
ing irregular granular structure, with particle size
varying from 1 to 20 um. Figure 6(b) presents the
SEM image of elelctropolymerized B-napthalene-
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sulphonate doped PEDOT particles deposited over
AC electrode. The image shows the presence of fine
particles dispersed over the surface of AC particles.
The sizes of these PEDOT particles are in the range
of a few hundred nanometers to a micron. The
image also indicates the formation of nano-porous
structured deposition of PEDOT on the AC surface.
This kind of surface morphology is quite ideal for
the fabrication of the electrode as it would be having
high surface area and expected to yield good capaci-
tance. We did not probe further into the dependence
of the surface morphological features on the concen-
tration of dopant and other conditions of the experi-
ment. More detailed investigation in this regard is
required to know the influence of the medium on
the morphological features of the electrodeposits.

FTIR analysis

Figure 7 shows the FTIR spectrum of doped PEDOT
on AC electrode. The vibrational frequencies of
PEDOT are generally seen at frequencies below 1600
cm L. The peaks observed at 1599, 1498, and 1324
cm™! are due to the C=C and C—C stretching
vibrations of quinoid structure of the thiophene
ring.”*** The bands at 1195 and 1039 cm ' are
ascribed to S=O stretching vibrations due to the
sulphonate ions of B-NSA.*** The bands at 1143,
1085 cm ™! are due to the C—O—C stretching vibra-
tions of the ethylenedioxy group of the PEDOT. The
bands at 978, 915, 841, 770, and 682 cm ™' are due to
the C=S stretching vibrations of PEDOT. The band
at 615 cm ™! is a characteristic vibration frequency of
B-NSA.** Similarly the band at 565 cm ' corre-
sponds to the SO, scissoring frequency of B-NSA.*
Hence, the presence of characteristic frequencies of

T% (a.u)

2000 1800 1600 1400 1200 1000 800 600
Wavenumber (cm™)

Figure 7 FTIR spectrum of elelctrodeposited PEDOT on
activated carbon electrode; (a) Bands corresponding to
PEDOT, (b) Bands corresponding to 3-NSA.
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Figure 8 AC impedance responses of single electrodes:
(a) Activated carbon (b) AC/PEDOT composite electrode.

both B-NSA and PEDOT in the spectrum indicates
the successful formation of B-napthalenesulphonate
doped PEDOT on the electrode.

Electrical properties of electrochemical capacitor

The AC impedance responses (Nyquist plots) of AC
electrode, AC/PEDOT composite electrode and p/p
supercapacitor are shown in Figures 8 and 9. In all
cases, a semicircle of large radius is obtained at high
frequency in the range and a straight line in the low
frequency region. The capacitance value increases at
low frequencies because of a larger number of ionic
movements, which cause a decrease in the bulk re-
sistance of the capacitor. The semicircle results from
the parallel combination of resistance and capaci-
tance and the linear region is because of Warburg
impedance. In the low frequency region, the straight
line part leans more towards imaginary axis and this
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Figure 9 AC Impedance response of p/p supercapacitor.
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Figure 10 Normalized reactive power|QIl/1S1% and
active power |P1/1S1% vs. frequency (Hz) for the 1 cm?
cell p/p supercapacitor.

indicates good capacitive behavior.”® Hybrid capaci-
tor and carbon capacitor electrodes behave almost
similarly in the high frequency region but AC/
PEDOT hybrid is more capacitive compared with
simple carbon capacitors as is evident in the low fre-
quency region. This is further supported by the spe-
cific capacitance calculation of the electrodes and the
supercapacitor (Table I). Using Normalized reactive
power 1Q1/151% and active power |P1/1S1% ver-
sus frequency (Hz) plot (Fig. 10) for the 1-cm? cell,
the time constant of the fabricated (p/p) supercapa-
citor has been calculated. The theoretical aspects and
other details of this calculation can be found in the
literature.”” The calculated time constant was found
to be equal to 7.2 ms. The time constant t,, repre-
sents a transition for the supercapacitor between a
resistive behavior for frequency higher than 1/1,
and a capacitive behavior for frequencies lower than
1/7,. Hence, the observed time constant value of 7.2
ms indicated that the present system can be effi-
ciently used up to 150 Hz. Figure 11 shows the
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1
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Figure 11 Galvanostatic charge-discharge curves of p/ P
supercapacitor at a constant current density of 2 mA cm™
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Figure 12 Variation of specific capacitance of p/p super-
capacitor with cycle number.

charge—discharge profile of the supercapacitor as
measured by galvanostatic method at a constant cur-
rent density of 2 mA cm™? at different cycles
between 0 and 1.0 V, for the first 10 cycles. From the
figure, it can be seen that the initial voltage drop
during discharge is negligibly small and the voltage
of the capacitor varies almost linearly with time dur-
ing both charging and discharging processes for var-
ious cycles. It is evident from the figure that the
charging time and also discharging time remained
constant with increasing number of cycles. However,
there may be a slightly higher voltage drop and
decrease in the charging and discharging time with
cyclings as well as with current density beyond 4000
cycles because of the degradation possibility of
PEDOT redox activity.”® The couloumbic efficiency
of the supercapacitor calculated from charge-dis-
charge cyclings is also high in the range of 98-99%.
Figure 12 presents the variation of specific capaci-
tance of the supercapacitor with cyclings. The data
reflects that the device exhibited almost constant ca-
pacitance during the test. However, at higher cycle
numbers the capacitance is expected to decrease
slightly because of the decrease of redox activity of
the supercapacitor.

CONCLUSIONS

AC—polyethylene dioxythiophene composite electro-
des have been prepared via electrochemical poly-
merization of ethylene dioxythiophene onto AC sur-
face. A (p/p) symmetric supercapacitor has been
fabricated using these composite electrodes. The ca-
pacitance properties of the composite electrodes and
the supercapacitor have been investigated through
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cyclic voltammetry and AC impedance spectroscopy.
The studies showed that the electrodes and the
supercapacitor have a specific capacitance of 158 and
90 Fg °, respectively. The supercapacitor is stable
during cyclings and is more suited for applications
at low frequency region.
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