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olymer electrodes for asymmetric
solid-state supercapacitors†

Narendra Kurra, Ruiqi Wang and H. N. Alshareef*

In this study, we report the fabrication of solid-state asymmetric supercapacitors (ASCs) based on

conducting polymer electrodes on a plastic substrate. Nanostructured conducting polymers of poly(3,4-

ethylenedioxythiophene), PEDOT, and polyaniline (PANI) are deposited electrochemically over Au-coated

polyethylene naphthalate (PEN) plastic substrates. Due to the electron donating nature of the oxygen

groups in the PEDOT, reduction potentials are higher, allowing it to be used as a negative electrode

material. In addition, the high stability of PEDOT in its oxidised state makes it capable to exhibit

electrochemical activity in a wide potential window. This can qualify PEDOT to be used as a negative

electrode in fabricating asymmetric solid state supercapacitors with PANI as a positive electrode while

employing polyvinyl alcohol (PVA)/H2SO4 gel electrolyte. The ASCs exhibit a maximum power density of

2.8 W cm�3 at an energy density of 9 mW h cm�3, which is superior to the carbonaceous and metal

oxide based ASC solid state devices. Furthermore, the tandem configuration of asymmetric

supercapacitors is shown to be capable of powering a red light emitting diode for about 1 minute after

charging for 10 seconds.
Introduction

Flexible electronic devices have increased demand for the
development of light-weight and solid state energy storage units
on exible platforms such as plastic substrates.1–3 Super-
capacitors, also called electrochemical capacitors, have become
potential energy storage units due to their higher energy density
compared to conventional electrostatic capacitors and higher
power density compared to batteries along with the fast charge–
discharge rates and long cycle life.3–7

Carbonaceous materials with a tunable surface area in
different morphologies have been employed as electrodes for
electrochemical double layer capacitors (EDLCs).8–11 Since the
charge is stored through the formation of electrochemical
double layers, capacitance values are typically lower for these
carbonaceous materials compared to the pseudocapacitors that
involve Faradaic reactions for storing the charge.2,8,12 In this
context, several pseudo-capacitive materials such as transition
metal oxides/hydroxides12,13 and conducting polymers2,3,14 have
been employed to enhance the capacitance values due to their
fast surface redox reactions. Besides the capacitance, the energy
density (E ¼ 1/2CV2) of a supercapacitor is determined by the
square of the operating potential window of the electrolyte.6

Hence, non-aqueous electrolytes (organic and ionic liquids) are
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preferred due to their wide electrochemical potential windows
(3–4 V) over the aqueous electrolytes (1 V) in obtaining superior
energy density values. However, non-aqueous electrolytes suffer
from poor ionic conductivity, ammability and high cost.15

Thus, there is an urge to extend the electrochemical potential
window of aqueous electrolytes beyond 1 V by embracing the
asymmetric design of electrode materials.15–18

Mostly, carbonaceous materials have been employed as
negative electrode materials, while metal oxides/hydroxides and
conducting polymers have been used as positive electrode
materials in designing asymmetric supercapacitors (ASCs)
employing liquid and solid electrolytes.15–20 Despite the higher
potential window of asymmetric supercapacitors, the cell
capacitance, CT, is limited by the lower capacitance electrode,
mostly the capacitance of the negative carbonaceous electrode
material, C�, (1/CT ¼ 1/C+ + 1/C�).16–21 In order to boost the cell
capacitance of the ASC, metal oxides such as Fe2O3 and V2O5

have been employed as negative electrode materials that exhibit
reversible redox reactions.22–25 However, the poor conducting
nature of these oxides would result in the lower values of power
density, and they should be synthesized in the form of
composites with carbonaceous materials for better
performance.15

Conducting polymers (CPs) have become attractive candi-
date materials for supercapacitors due to their many salient
characteristics such as high electrical conductivity, ease of
solution processing, low cost, electrochemical stability and
reversibility between redox states through doping/dedoping
processes.26–29 Conducting polymer supercapacitors have been
This journal is © The Royal Society of Chemistry 2015
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broadly classied into three categories, namely, Type I
symmetric supercapacitors using p-dopable CPs, Type II asym-
metric SCs with two different p-dopable CPs, and Type III
symmetric SCs that can be both p- and n-doped. CPs can be
easily deposited over the current collectors either by chemical or
electrochemical methods in a binder-free manner.26–30 Recently,
conducting polymers, such as polyaniline, polypyrrole and
PEDOT, have been employed in combination with carbona-
ceous materials and metal oxides (MnO2, MoO3, and V2O5) in
designing asymmetric supercapacitors.21,31–35 In this study, we
investigate the electrochemical performance of an asymmetric
supercapacitor made out of two conducting polymers employ-
ing a gel electrolyte.

Here, we employ a simple single-step electrodeposition
method to fabricate all-conducting polymer based ASCs without
employing any carbonaceous material. Specically, we have
used a conducting polymer, namely, poly(3,4-ethyl-
enedioxythiophene) (PEDOT), due to its electrochemical activity
in a wide potential window (1.4 V), as the negative electrode
material. Simultaneously, polyaniline (PANI) was used as a
positive electrode material to fabricate asymmetric solid-state
supercapacitors on Au-coated plastic PEN substrates. While
employing the PVA/H2SO4 gel electrolyte, the maximum energy
density of 12 mW h cm�3 was achieved. These values are
superior to asymmetric solid-sate supercapacitors based onMnO2

nanowires//Fe2O3 nanotubes electrodes (E ¼ 0.55 mW h cm�3)
and solid-state symmetric supercapacitors based on conducting
polymer (ppy, E ¼ 1 mW h cm�3; PANI/pencil/paper, E ¼ 0.32
mW h cm�3) electrodes. Furthermore, the tandem congura-
tion of our asymmetric supercapacitors is used to glow a red
light emitting diode.
Results and discussion

The schematic shown in Fig. 1 illustrates the fabrication of ASCs
based on all-conducting polymer electrodes over the plastic PEN
sheet as a supporting platform. Since PEN is insulating, a
conductive coating was formed by depositing an Au metal lm
through thermal evaporation. Au/PEN was used as a conducting
platform for the electrochemical deposition of conducting
polymers such as PEDOT and PANI from their monomer solu-
tions of EDOT and aniline with sulphuric acid as a supporting
electrolyte, respectively. These PEDOT/Au/PEN and PANI/Au/
Fig. 1 Schematic illustration of the fabrication of asymmetric super-
capacitors based on conducting polymer electrodes. A PANI//PEDOT
ASC device with an aqueous gel electrolyte. SEM images of PANI
nanofibers and nanostructured PEDOT (false colored). Thickness of
each layer: PEN, 125 mm; Au, 150 nm; PANI, 2.5 mm; gel electrolyte,
60 mm; PEDOT, 4.5 mm.

This journal is © The Royal Society of Chemistry 2015
PEN were employed as negative and positive electrodes,
respectively (see Fig. 1), in fabricating conducting polymer
based asymmetric solid state supercapacitors employing an
aqueous gel electrolyte. PANI nanobers were grown over an Au/
PEN substrate through galvanostatic electrodeposition. Nano-
structured PEDOT was grown on an Au/PEN sheet via electro-
deposition under potentiostatic conditions, as shown in the
SEM micrograph in Fig. 1.

The chemical composition and bonding of PEDOT and PANI
grown over Au/PEN were characterized by Raman spectroscopy,
and the spectra are shown in Fig. 2a and b. As shown in Fig. 2a,
several characteristic peaks of PEDOT can be seen in the Raman
spectrum and the assignment is as follows. The most intense
peak is observed at 1440 cm�1 corresponding to the symmetric
stretching of Ca]Cb, which can also provide information about
the extent of the oxidation level.36 On the other hand, the
asymmetric stretching of Ca]Cb results in the bands at 1570
and 1509 cm�1. The peak at 1367 cm�1 corresponds to Cb–Cb

inter-ring stretching and that at 1264 cm�1 represents Ca–Ca

inter-ring stretching. The peak at 1105 cm�1 represents C–O–C
deformation; 988 cm�1, C–C anti-symmetrical stretching mode;
702 cm�1, symmetric C–S–C deformation; 573 cm�1, oxy-
ethylene ring deformation; and 440 cm�1, SO2 bending; these
conrm the doping of sulfate and bisulfate anions (from sul-
phuric acid) in the PEDOT nanostructures during the electro-
chemical deposition.37 In the case of PANI/Au/PEN, the bands at
1623 and 1529 cm�1 correspond to C]C and C]N stretching
vibrations, respectively, those at 827 and 415 correspond to C–H
deformation, while those at 1396, 1340, 1262, 1195, 741, 574
and 514 cm�1 are related to benzene ring deformations (see
Fig. 2b).38

PEDOT exhibits lower specic capacitance when compared
to other conducting polymers (PANI, Ppy) due to the larger
molecular weight of the monomer unit and also the low doping
level.39 However, PEDOT is electroactive with high capacitance
over a wide potential window (1.4 V), and, in principle, can be
employed as a positive as well as negative electrode material in
energy storage devices (see ESI, Fig. S1†). PEDOT in its oxidized
form is highly conducting and environmentally stable and,
hence, p-doped PEDOT has been explored as a positive elec-
trode material in most of the previous reports.2,27,29 Conducting
polymer supercapacitors have been broadly classied into three
categories, namely, Type I symmetric supercapacitors using
Fig. 2 (a) and (b) Raman spectra of electrochemically deposited
PEDOT and PANI from their corresponding monomer aqueous solu-
tions, respectively.
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p-dopable conducting polymers (CPs), Type II asymmetric
supercapacitors with two different p-dopable CPs, and Type III
symmetric supercapacitors that can be both p- and n-doped.1

Further, n-doped (de-doped) CPs are less conducting and more
unstable, limiting the usage of CPs as an anode material.1,2

PEDOT has been a promising electrode material for Type I and
asymmetric Type II supercapacitors because of its high stability
in the oxidation state.40,41 However, it has been demonstrated
that the various doped states of PEDOT can be used as cathode
and anode for making rechargeable batteries.42,43 Recently, it
was demonstrated that improving the conductivity of
PEDOT:PSS by solvent annealing can induce electrochemical
activity in a wider potential window by shiing the reduction
potential towards more negative values.44 J. Ahonen et al. have
performed p- and n-doping of PEDOT in an anhydrous organic
medium and observed that PEDOT gets n-doped beyond a
potential of�1 V.45 Further, they found that the reduced form of
PEDOT is not stable even in an extremely dry oxygen-free envi-
ronment, which may severely hamper the use of PEDOT in the
extreme negative potential windows.45 However, in our case, we
have observed that PEDOT is quite stable until the potential of
�0.5 V. Beyond the potential of �0.5 V, we have observed a
sudden rise in the negative current, which can be attributed to
the hydrogen evolution reaction as the electrolyte medium is 1
M H2SO4 (see Fig. S1a, ESI†). Hence, the conductivity, higher
degree of polymerization and electron donating nature of alkoxy
moieties of PEDOT make it usable as an anode material by
shiing the reduction potential towards higher negative
potentials, without getting it into the n-doped state.44,45

We have investigated the electrochemical behavior of
PEDOT/Au/PEN electrode in the negative potential window (0.3
to �0.5 V) in 1 M H2SO4 electrolyte in a 3-electrode congura-
tion. As shown in Fig. 3a, the CV curves are rectangular in shape
with the appearance of broad redox peaks due to the electro-
chemical doping of PEDOT by the electrolyte ions. However, it is
difficult to assign the oxidation/reduction (doping/dedoping)
Fig. 3 Electrochemical behavior of PEDOT/Au/PEN electrode in a 3-
electrode configuration in the negative potential window. (a) Cyclic
voltammograms (CVs) and (b) galvanostatic charge–discharge (CD)
curves for PEDOT (30 min)/Au/PEN electrode in the negative potential
window. (c) and (d) Areal and volumetric capacitance of PEDOT
deposited for different time vs. current density values. (e) Nyquist plots
of various PEDOT/Au/PEN electrodes. (d) Electrochemical stability of
the PEDOT/Au/PEN electrode over 10 000 cycles at a current density
of 2 mA cm�2.

7370 | J. Mater. Chem. A, 2015, 3, 7368–7374
due to the short-life times of the intermediate unstable species.
Chen et al. have performed fast scan cyclic voltammetry at low
temperatures to understand the electrochemical behavior of
PEDOT.46 PEDOT is quite stable until the potential of �0.5 V
due to its doped state, which may get de-doped below �0.5 V,
resulting in the loss of capacitance due to diminished conduc-
tivity.47,48 The charge–discharge curves are seen as linear in the
potential window of 0.3 to �0.5 V at different current densities
from 1 to 5 mA cm�2 (see Fig. 3b). The mass loading of the
PEDOT deposits was found to be 0.08, 0.251 and 0.37 mg cm�2

aer 5, 15 and 30 minutes of deposition, respectively. The areal
capacitance was calculated from the slope of the discharge
curve at each current density. As shown in Fig. 3c, the areal
capacitance was found to be 66 mF cm�2 at a current density of
1 mA cm�2 for the 30 minute deposited PEDOT sample. This
value was gradually decreased to 47 mF cm�2 at a current
density of 5 mA cm�2. In the case of the 5 minute deposited
PEDOT sample, the areal capacitance was varying from 10 to 6
mF cm�2 at different current density values (see Fig. 3c and S2,
ESI†). Similarly, the areal capacitance for the 15 minute depos-
ited PEDOT sample was found to vary from 42 to 30 mF cm�2.
The typical values of gravimetric capacitance were found to be
125, 168 and 175 F g�1 for the 5, 15 and 30 minutes PEDOT
samples (at a current density of 1 mA cm�2), respectively. The
volumetric capacitance was calculated by dividing the areal
capacitance with the corresponding thickness of PEDOT
deposited for different times. The variation in the volumetric
capacitance at different current densities for the 5, 15 and
30 minute deposited PEDOT samples are shown in Fig. 3d. It
was observed that the volumetric capacitance was increasing
from 125 to 280 F cm�3 at a current density of 1 mA cm�2 as the
deposition time increased from 5 to 15 minutes. In the case of
the 30 minute deposited PEDOT sample, the volumetric
capacitance was found to be 300 F cm�3, indicating that the
extended deposition beyond a critical thickness (in this case,
1.5 mm) may not lead to a corresponding increase in the volu-
metric capacitance. Although there is an enhancement in the
areal capacitance of 1.5 times for the 30 minute deposited
PEDOT sample when compared to the 15 minute deposited
PEDOT sample, not much improvement was found in the
volumetric and gravimetric capacitances of the two samples.
This volumetric capacitance is superior when compared to
activated carbon and some of the carbonaceous materials that
have been employed as negative electrodes in making asym-
metric supercapacitors.15 The Nyquist plots of PEDOT deposited
for different times (5–30 min) are shown in Fig. 3e. The absence
of a semicircle in the high frequency regions indicates negli-
gible charge-transfer resistance across the PEDOT/electrolyte
interface. The electrochemical stability of the PEDOT electrode
was tested by charging and discharging for 10 000 cycles in the
potential window of 0.3 to �0.5 V. The capacitance is found to
be retained up to 87% aer 10 000 cycles, as shown in Fig. 3f. A
solid state PEDOT symmetric device was made by assembling
two PEDOT/Au/PEN electrodes using the PVA/H2SO4 gel elec-
trolyte (see ESI, Fig. S2†). A symmetric solid state PEDOT/Au/
PEN//PEDOT/Au/PEN device exhibits a volumetric stack capac-
itance of 20 F cm�3 at a current density of 0.25 mA cm�2, which
This journal is © The Royal Society of Chemistry 2015
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is in close agreement with that of previously reported PEDOT
solid state devices on a carbon ber paper.49

To investigate the electrochemical performance of PANI in
the positive potential window (0 to 0.8 V), PANI was electro-
deposited on Au/PEN followed by measuring its capacitive
behavior in a 3-electrode conguration in 1MH2SO4 electrolyte.
As marked in Fig. 4a, CV scans at different scan rates (10–200
mV s�1) exhibit two pairs of redox peaks, A1/C1 and A2/C2 (see
ESI, Fig. S4†). The redox pair (A1/C1) at a lower potential can be
attributed to the redox transition of PANI between its leucoe-
meraldine form (semiconducting) to a polaronicemeraldine
form (conducting), while the redox peaks at a higher potential
can be due to the reversible formation of redox pairs such as p-
benzo/hydroquinone and p-aminophenol/benzoquinonei-
mine.50,51 Due to pseudocapacitive nature of PANI, it exhibits
much higher values of capacitance when compared with other
conducting polymers. The deviation from the triangular shape
of the charge–discharge curves is due to the Faradaic contri-
bution of PANI in the electrolyte medium (aqueous H2SO4),
indicating the pseudocapacitive nature of the PANI/Au/PEN
electrode, as shown in Fig. 4b. The typical mass loadings of
PANI were found to be 0.15, 0.3 and 0.95 mg aer 3, 5 and 10
minutes of deposition, respectively. As shown in Fig. 4c, the
areal capacitance was increasing gradually from 40 to 110 mF
cm�2 at a current density of 1 mA cm�2 when the deposition
time increased from 3 to 5 minutes. This corresponds to the
specic mass capacitance of 275 and 362 F g�1 for the 3 and 5
minutes deposited PANI samples, respectively. The maximum
areal capacitance was found to be 450 mF cm�2 (mass specic
capacitance of 474 F g�1) for the 10 minute deposited PANI
sample at a current density of 1 mA cm�2. These results are in
agreement with the literature reports.24,25 The volumetric
capacitance of 366 F cm�3 (corresponding areal capacitance of
110 mF cm�2) was obtained for the 5 minute deposited PANI
sample.

Further, two symmetrical PANI/Au/PEN electrodes were
glued together with the aid of the PVA/H2SO4 gel electrolyte in
order to fabricate a solid state symmetric PANI supercapacitor.
Fig. 4 (a) CV and (b) CD curves of PANI/Au/PEN electrode in 1 M
H2SO4 in a 3-electrode configuration. (c) Variation in the areal
capacitance with current density for the PANI samples deposited for
different times. (d) CV and (e) CD curves of PANI/Au/PEN//PANI/Au/
PEN solid state symmetric supercapacitor using PVA/H2SO4 gel
electrolyte. (f) Nyquist plot for the PANI solid state device. Inset shows
the high frequency portion of the spectrum.

This journal is © The Royal Society of Chemistry 2015
Cyclic voltammetry and charge–discharge curves for the PANI
solid state devices are shown in Fig. 4d and e. The CV scans of
the solid state device at different scan rates (10–200 mV s�1)
exhibit broad redox peaks due to the quasi solid state nature of
the gel electrolyte, unlike the liquid H2SO4 electrolyte where the
distinct redox peaks have been marked (see Fig. 4a). Similarly,
the charge–discharge curves were found to be nonlinear and the
areal cell stack capacitance was found to be 29 mF cm�2 at a
current density of 0.15 mA cm�2 for the PANI symmetric solid
state device (see Fig. 4e). This corresponds to a volumetric stack
capacitance of 57 F cm�3 for the 5 minute deposited PANI solid
state symmetric supercapacitor. The Nyquist plot for the solid
state device is shown in Fig. 4f. The vertical nature of the
spectrum in the low frequency region indicates the capacitive
behavior of the solid state device. In the high frequency region,
the spectrum is seen with a semicircle due to the charge transfer
resistance offered at the electrode/electrolyte interface with a
solution resistance of 5 U (in this case, a gel electrolyte).

The representative CVs of PEDOT (30 minute) and PANI (5
minute) in the negative and positive potential windows at a
scan rate of 80 mV s�1 are shown in Fig. 5a. The charge on both
the electrodes was matched by balancing the volumetric
capacitance of the PEDOT and PANI electrodes. The geometric
volume of the electrodes was balanced by the following
equation: V+/V� ¼ (C� � DE�)/(C+ � DE+), where V�, V+, C� and
C+, and DE� and DE+ are the volume and the capacitance and
potential windows of the negative and positive electrodes,
respectively. Since the overlapping physical area of the positive
and negative electrodes is the same, the variable parameter is
the thickness of the electrodes. The thickness ratio, t+/t�, was
found to be 0.51. Obviously, the volume of the electrodes
(mostly, thickness) was controlled through the electrodeposi-
tion time of PEDOT and PANI electrodes. An asymmetric solid
Fig. 5 (a) CV curves of PEDOT/Au/PEN and PANI/Au/PEN electrodes
in different potential windows, measured in 1 MH2SO4 in a 3-electrode
configuration at a scan rate of 80 mV s�1. (b) CVs of the asymmetric
solid state device at different scan rates. (c) Charge–discharge curves
of the ASC at different current densities. (d) Ragone plot for the
symmetric and asymmetric solid state conducting polymer super-
capacitors made in this study. Inset shows the glowing of an LED using
three ASC cells connected in series.

J. Mater. Chem. A, 2015, 3, 7368–7374 | 7371
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state supercapacitor was fabricated by employing the opti-
mized thickness of PEDOT and PANI electrodes (see the
performance of unoptimised ASC, Fig. S5, ESI†). The total
thickness of PEDOT (thickness: 4.5 mm) and PANI (thickness:
2.5 mm) was found to be 7 mm in fabricating the ASC device.
The electrodes were wetted with a thin layer of PVA/H2SO4 gel
electrolyte followed by assembling the electrodes to form the
ASC device. The CVs shown in Fig. 5b were recorded at
different scan rates in the potential window of 0–1.6 V (see
Fig. S6, ESI†). The ASC device exhibits redox behavior due to
the redox activity of the conducting polymer electrodes in the
electrolyte media. The charge–discharge curves of the ASC
device were recorded in the potential window of 0 to 1.6 V at
different current densities (0.5–2 mA cm�2), as shown in
Fig. 5c. The curvature in the CD proles is due to the Faradaic
contribution from both the conducting polymer electrodes.
This ASC device exhibited volumetric stack capacitance of 34 F
cm�3 at a current density of 0.5 mA cm�2. The cycling stability
of the ASC was tested over 10 000 cycles at a current density of
2 mA cm�2, which showed capacitance retention up to 80%
(see ESI, Fig. S6d†).52 The energy and power densities of
various solid state supercapacitors fabricated in this study are
plotted and shown in the Ragone plot in Fig. 5d. The ASC solid
state PANI//PEDOT device exhibits the highest energy
density value of 12 mW h cm�3, which is superior when
compared to the symmetric PEDOT (E ¼ 2 mW h cm�3) and
PANI (E ¼ 5 mW h cm�3) based solid state supercapacitors.

The energy density of the solid state ASC is higher by an
order of magnitude to that of graphene oxide and onion like
carbon supercapacitors (0.8–1 mW h cm�3) and comparable to
that of aqueous activated carbon based supercapacitors (10 mW
h cm�3) with a power density of 1300mWcm�3.53,54This solid state
ASC device exhibits the maximum power density of 2.8 W cm�3 at
an energy density of 9 mW h cm�3. Further, this ASC PANI//
PEDOT exhibits much higher energy density over some of the
symmetric supercapacitors based on conducting polymer elec-
trodes such as ppy/paper (E¼ 1 mW h cm�3, P¼ 270 mW cm�3)28

and also ASC solid state devices based on MnO2 nanowires//
Fe2O3 nanotubes (E ¼ 0.55 mW h cm�3),22 VOx//VN
(E ¼ 0.61 mW h cm�3)55 and H–TiO2@MnO2 NWs//H–TiO2@C
core shell NWs (E ¼ 0.3 mW h cm�3).56 As the typical mass
loading of conducting polymer electrodes was found to be less
than 1 mg cm�2, we have estimated the volumetric energy and
power densities of the solid state devices.57 The higher values of
energy density for the conducting polymer ASCs can be attrib-
uted to the redox contribution from both the electrodes, which
was evident from the electrochemical behavior of the device.
The electrochemical activity of the electrode materials in a given
electrolyte medium and the extent of wettability decides the
performance of the ASC (see ESI, Table S1†). Further, three ASC
cells were connected in series to demonstrate them as a power
source by glowing a red light emitting diode (see inset of
Fig. 5d).

It is worth mentioning that Crispin and co-workers have
used PEDOT as an anode and cathode for fabricating an all-
polymer based battery with different doping levels.42,43

Employing the same conducting polymer with different doping
7372 | J. Mater. Chem. A, 2015, 3, 7368–7374
states comes under the category of Type III-based devices. As
both the electrodes are in the charged state, the open circuit
potential can be very high, which may deliver high specic
energy and power densities. These electrodes have been tested
in organic electrolytes rather than aqueous electrolytes. In our
case, we relied on two different CPs with complimentary
potential windows for the asymmetric design (Type II devices).
Since PANI shows high electrochemical activity in an acidic
medium (requires protons for redox reactions), we have
employed an aqueous acid electrolyte for fabricating these
conducting polymer based ASC devices.

Recent reports have demonstrated the usage of PANI-porous
nanober electrodes and PEDOT in designing symmetric and
asymmetric supercapacitors by adopting composite mate-
rials.58–60 In contrast to the above studies, we have employed two
different CPs as electrode materials in an asymmetric design in
order to utilize their complimentary potential windows in
extending the working potential window of aqueous based
electrolytes beyond 1.23 V, which further increases the
energy and power densities of these ASC devices (E ¼ 1/2CV2

and P ¼ V2/4R). As the symmetric device based on PEDOT (both
anode and cathode) utilizes different doping states of the same
CP, delivering higher open circuit potential helps in powering
an LED bulb for almost up to 3 minutes.42 But in our case, the
open circuit potentials are small as we use two different CPs in
the doped state and we relied on charging by applying potential
externally, which gets harnessed during the discharge process
in powering an LED. In this case, the charge and discharge
kinetics are relatively faster compared to the all-polythiophene
rechargeable batteries reported recently.42 The advantages of
our new devices include higher potential window (up to 1.6 V) of
aqueous media and faster charge–discharge rates with good
cycling stability.

Conclusions

Solid state asymmetric supercapacitors were fabricated by
employing the conducting polymers PEDOT and PANI as a
negative and positive electrode, respectively, and PVA/H2SO4 gel
electrolyte. The asymmetric devices showed the maximum power
density of 2.8W cm�3 at an energy density of 9mWh cm�3, which
is much higher than other asymmetric solid-state devices based
on MnO2 nanowires//Fe2O3 nanotubes (E ¼ 0.55 mW h cm�3)
and solid-state devices based on ppy/paper (E ¼ 1 mW h cm�3)
and PANI/pencil/paper (E ¼ 0.32 mW h cm�3). The tandem
conguration of these asymmetric devices was utilised to
demonstrate the glowing of a light emitting diode for about 1
minute aer charging for 10 seconds.

Experimental section
Materials

Chemicals were used as received without further purication.
Analytical grade H2SO4 and 3,4-ethylenedioxythiophene
(EDOT), aniline (ANI) and surface active reagent sodium
dodecyl sulphate (SDS, CH3(CH2)11OSO3Na) and polyvinyl
alcohol (PVA) were purchased from Sigma-Aldrich.
This journal is © The Royal Society of Chemistry 2015
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Electrode preparation and electrochemical deposition

Polyethylene naphthalate (PEN) plastic sheets (thickness: 125
mm) were employed as substrates for making the conducting
polymer based supercapacitors. These PEN sheets were coated
with 150 nm Au/10 nm Ti as conducting layers for electro-
depositing the conducting polymers. The electrodeposition was
performed in a standard 3-electrode conguration in a glass cell
consisting of Au/PEN as the working electrode and a platinum
wire counter electrode and Ag/AgCl as the reference electrode at
room temperature. An electrolyte with 10 mM EDOT + 1 M
H2SO4 + 10 mM SDS was employed to deposit PEDOT using CHI
660 D Electrochemical Workstation. The role of the anionic
surfactant is to improve the miscibility of the EDOT monomers
in water, which also lowers the oxidation potential below 1 V.30 A
constant anodic potential of 0.9 V (vs. Ag/AgCl) was used for
different times of 5, 15 and 30 minutes to deposit PEDOT of
different thicknesses over Au/PEN. Aer the electrochemical
deposition, the samples were thoroughly washed with DI water
in order to remove the surfactant molecules adsorbed on the
surface. Polyaniline (PANI) was electrodeposited using 0.1 M
aniline + 1 M H2SO4 as the electrolyte by galvanostatic electro-
deposition at a constant current density of 0.5 mA cm�2 for
different times.26
Material characterization

The surface morphology and microstructure were imaged by a
scanning electron microscope (SEM) (Nova Nano 630 instru-
ment, FEI Co., The Netherlands). The energy-dispersive spec-
troscopy (EDS) analysis was performed with an EDAX Genesis
instrument (Mahwah, NJ) attached to the SEM column. Au
coating was done by thermal evaporation of 150 nm thick Au on
the PEN substrate. The lm thicknesses were measured using a
Veeco Dektak 150 surface prolometer. Raman spectroscopy
measurements were carried out on the PEDOT samples using a
micro-Raman spectrometer (LabRAM ARAMIS, Horiba-Jobin
Yvon). Raman spectra were acquired with notch lters cutting at
100 cm�1 using a cobalt laser (473 nm, 5 mW at source) and a
laser spot size of 1.5 mm.
Preparation of aqueous gel electrolytes

The electrochemical properties of PEDOT/Au/PEN and PANI/Au/
PEN were investigated in both 3- and 2-electrode congurations
in 1 M H2SO4 and PVA/H2SO4 aqueous gel electrolytes. The PVA/
H2SO4 gel electrolyte was prepared as follows: 1 g of H2SO4 was
added into 10 mL of deionized water, followed by adding 1 g of
PVA powder. The whole mixture was heated to 85 �C while
stirring until the solution became clear.
Fabrication and characterization of asymmetric
supercapacitor devices

Solid-state symmetric and asymmetric supercapacitor devices
were fabricated by applying the polymer gel electrolyte on the
individual negative PEDOT and positive PANI electrodes fol-
lowed by assembling together and allowing it to dry out the
excess water. Cyclic voltammetry (CV), galvanostatic charge–
This journal is © The Royal Society of Chemistry 2015
discharge (CD), and electrochemical impedance spectroscopy
(EIS) were performed on an electrochemical workstation (model
660D, CH Instruments, Austin, TX, USA). The CVs were tested in
different potential windows at varied scan rates, ranging from
10 to 200 mV s�1. The CDs were measured at different current
densities from 0.1 to 5 mA cm�2. The EIS was performed in the
frequency range from 100 kHz to 0.1 Hz at the open circuit
potential by applying a small sinusoidal potential of 10 mV
signal. All the measurements were carried out at room
temperature.
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