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Abstract Supercapacitor containing multi-walled carbon
nanotubes (MWCNT) as the electrode material and phos-
phoric acid-doped poly[2,5 benzimidazole] (ABPBI) as the
solid electrolyte and separator membrane has been inves-
tigated in a wide temperature range. Supercapacitors with
different solid electrolyte concentrations have been fabri-
cated and evaluated for their electrochemical performance.
Specific capacitance of supercapacitors at room temperature
was found to increase after the first heating cycle. Super-
capacitor containing 10 wt.% of solid electrolyte in the
electrode shows higher specific capacitance than the super-
capacitor with liquid electrolyte. Cyclic voltammetry analy-
sis of supercapacitors indicates high rate capability. The
linear increase in the specific capacitance with temperature
implies that capacitance is predominantly due to electric
double layer. Electrochemical impedance analysis indicates
that the mass capacitance and Warburg parameter increase
with temperature, while solution resistance and leakage
resistance decrease with temperature. The complex capaci-
tance of the supercapacitors shows that both real and loss
capacitances increase with temperature. The phase angle of
supercapacitors is found to be around 85.2±1° at room
temperature and it decreases with temperature. Galvano-
static charge–discharge cycling exhibits almost constant
specific capacitance of 28 Fg−1 at room temperature. How-
ever, it increases sharply and then attains stable value of

52 Fg−1 during cycling at 100 °C. The increase in specific
capacitance has been attributed to increase in surface area of
the carbon nanotube (CNT), due to activation by phosphoric
acid and diffusion of free phosphoric acid into the central
canal of MWCNT.

Keywords Supercapacitor . Multi-walled carbon
nanotubes . Solid polymer electrolyte . High temperature
performance . ABPBI . Specific capacitance

Introduction

Supercapacitor is an electrochemical energy storage device
which has higher energy density than the conventional capaci-
tors and higher power density than the batteries [1, 2]. Based
on the electrode material, supercapacitor can be classified into
electric double layer capacitors and pseudocapacitors [3, 4]. In
an electric double layer capacitor, an electric double layer is
formed at the electrode/electrolyte interface, and the energy
storage is of electrostatic in nature. Activated carbon (AC),
carbon nanotubes (CNT)s and carbon aerogels are some of the
commonly used materials for electric double layer capacitors
[5.6]. In pseudocapacitors, a fast reversible faradaic reaction
takes place at the electrode/electrolyte interface. The charge
transferred in this reaction is voltage-dependant and results in
pseudocapacitance (C 0 dQ/dV) [7, 8]. Conducting polymers
and metal oxides are commonly used pseudocapacitance
materials.

Supercapacitors with high power density and energy
density that can withstand a wide temperature range are
essential for use in harsh environment like military and
space applications. For such applications, solid electrolytes
are preferred over liquid ones, as they can be easily handled
without spillage of hazardous liquid, cause low internal
corrosion, have flexibility in packaging, etc. [9–13]. Super-
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capacitors containing CNTs have high power density and
long cycle life [14–17]. CNTs have unique properties such
as excellent conductivity, remarkable chemical resistance,
high surface area and good flexibility [18–20]. Reports on
high temperature performance of supercapacitor are scantly.
Masarapu et al. studied the effect of temperature on the
electrochemical performance of the supercapacitors contain-
ing single-walled carbon nanotube (SWCNT) and a liquid
electrolyte [21]. Interface properties of electrode/electrolyte
such as electric double layer formation, charge transfer,
mobility of ions, etc. in solid electrolyte is different from
that of liquid electrolyte [22, 23]. Hence, it is very important
to have a basic understanding of the various parameters that
govern the electrochemical performance of a supercapacitor
at high temperature with a solid electrolyte. Performance
and stability of the solid polymer electrolyte at elevated
temperature need to be available for selection of solid elec-
trolyte for supercapacitor application. Poly[2,5 benzimida-
zole] is well known as a high temperature stable polymer.
Phosphoric acid-doped poly[2,5 benzimidazole] (ABPBI)
has been investigated in proton exchange membrane fuel
cells (PEMFC) and supercapacitors [24–26]. To the best of
our knowledge, there is no report on the effect of temper-
ature on supercapacitor performance having multi-walled
carbon nanotubes (MWCNT) as the electrode material and
ABPBI as the solid electrolyte.

In an earlier report, we have studied the performance
of AC-based supercapacitor containing ABPBI [23]. In
the present study, we have investigated the effect of
temperature on the electrochemical performance of
supercapacitor-containing MWCNT as the electrode mate-
rial and ABPBI as both separator membrane and solid
electrolyte. Supercapacitors containing different concen-
trations of MWCNT and ABPBI have been fabricated
and studied over a wide temperature range from 27 to
100 °C. Supercapacitors have been characterized by
cyclic voltammetry and impedance spectroscopy. Stability
of supercapacitor has also been studied by galvanostatic
cycling at 27° and 100 °C alternatively.

Experimental

Materials

MWCNTs were procured from Nanocyl, Belgium (grade
3100) having purity above 95%. Carbon paper was procured
from Toray, Japan. Teflon suspension was supplied by Hin-
dustan Fluorocarbon, Ltd., India. 3,4-Diaminobenzoic acid
and methane sulfonic acid were procured from Sigma-
Aldrich. Phosphorus pentoxide and orthophosphoric acid
were purchased from Merck, India. All chemicals were used
without further purification.

Synthesis of ABPBI

Synthesis of ABPBI and the membrane preparation is given
elsewhere [25–27].

Preparation of electrodes

The electrode preparation with ABPBI/MWCNT, unit cell
preparation, characterization and evaluation are given in
Indian patent [28]. MWCNT, polytetrafluoroethylene
(PTFE) and ABPBI solution (6% solution in methane sul-
fonic acid) were thoroughly mixed to yield a paste. The
paste was then applied uniformly on carbon paper and dried
at 150 °C for 24 h. The electrode composition was varied by
changing the amount of ABPBI in the electrode (Table 1).
The amount of MWCNT was calculated to be around
3.2 mg cm−2.

Preparation of unit cell

Unit cells of size 2.5 cm×2.5 cm were prepared by placing
ABPBI membrane in between two electrodes and hot press-
ing whole assembly at 100 °C under 10 MPa pressure for
15 min. Unit cells were then soaked in 67% phosphoric acid
for 24 h. They were then taken out of the bath, extra
phosphoric acid was drained out and, finally, sealed in a
plastic-coated aluminum pouch. The sealed unit cells were
used for various electrochemical characterizations.

Treatment of MWCNT

MWCNT was refluxed with 67% phosphoric acid at 100 °C
for 2 days. Treated MWCNT was then washed thoroughly
with distilled water and dried before Brunauer-Emmett-Teller
(BET) surface area analysis.

Characterization

Electrochemical characterizations were carried out using a
Ecochimie Autolab PGSTAT30. Electrochemical impedance
spectroscopy (EIS) was carried out between the frequency
range of 1 MHz and 10 mHz at 0.5 V cell potential. Trans-
mission electron microscopy (TEM) was carried out using
Philips CM 200, operated at 200 kV. BET surface area of

Table 1 Electrode composition of the supercapacitors

Electrode composition
(weight ratio)

ABPBI-0 ABPBI-5 ABPBI-10 ABPBI-20

MWCNT 1 1 1 1

PTFE 0.05 0.05 0.05 0.05

ABPBI 0 0.05 0.10 0.20
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phosphoric acid-treated AC was recorded by using a
Thermo Fisher Scientific (Sorptomatic, 1990).

Results and discussion

In the present study, the effect of incorporation of ABPBI as
the electrolyte and separator in supercapacitor, containing
MWCNT as the active electrode materials, has been studied
at different temperatures. ABPBI has good thermal stability
and high proton conductivity even at elevated temperatures
and, hence, it has been selected as the solid electrolyte.
ABPBI used in this study is doped with 67% phosphoric
acid. Ionic conductivity of the phosphoric acid-doped
ABPBI at room temperature is about 4.7 mS cm−1 and found
to increase linearly with temperature [23].

Cyclic voltammetry (CV) of the supercapacitors

Supercapacitors with different concentrations of ABPBI in
the electrode were scanned at different rates in the voltage
range of 0–1 V. Figure 1 shows the specific capacitance of
the supercapacitors with different concentrations of ABPBI,
calculated from the cyclic voltammetry (CV) at 0.5 V at
room temperature using Eq. 1:

C ¼ Ia þ Ic
2ms

ð1Þ

where Ia and Ic are the anodic and cathodic currents at 0.5 V,
m is the mass of MWCNT in the unit cell and s is scan rate
of the CV [29]. The specific capacitance of ABPBI-0 is
found to be higher than other supercapacitors. ABPBI-5 is
found to have the lowest specific capacitance throughout the
entire scan range studied. However, ABPBI-10 and ABPBI-
20 show higher specific capacitance than ABPBI-5. The

decrease in specific capacitance with increase in scan rate,
especially at higher rates, is found to be higher for ABPBI-0
than other supercapacitors. ABPBI-0 contains liquid
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electrolyte and, hence, show higher specific capacitance at
lower scan rates. However, at high scan rates, the extent of
electric double layer formation in compliance with the
increase in the scan rate may be less due to delay in the
diffusion of ions to the vicinity of the electric double layer.
In supercapacitors containing solid electrolyte, due to inti-
mate mixing of solid electrolyte and MWCNT, the diffusion
length of ions is expected to be shorter [9]. Hence, the
decrease in specific capacitance with increase in scan rate
is observed to be less for supercapacitors containing solid
electrolyte (ABPBI-5 to ABPBI-20) than that of phosphoric
acid (ABPBI-0).

CV measurements of supercapacitors at elevated temper-
ature were carried out at predetermined temperatures in the
range of 27–100 °C. The CV of ABPBI-10 at room

temperature at different scan rates before and after heating is
given in Fig. 2a and b, respectively. After the supercapacitors
were subjected to heating cycle, specific capacitance meas-
ured subsequently at room temperature increases as compared
to the original value. The increase in the current values of CV
at different scan rates, after the first heating cycle (Fig. 2b),
clearly indicates the increase in specific capacitance of the
supercapacitor. The same trend is observed for all the super-
capacitors studied (Fig. 3). At room temperature, CVof super-
capacitors shows rectangular profile and this implies that the
capacitance is mainly due to the electric double layer forma-
tion. Even at increased scan rates, there is no appreciable
change in CV profile and specific capacitance values
(Fig. 3). This clearly indicates that supercapacitors have high
rate capability. It is found that ABPBI-10 shows specific
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Fig. 4 CVof ABPBI-10 at
different temperatures.
a At 50 mV s−1 and b
at 500 mV s−1
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capacitance of 29.5 Fg−1 at a scan rate of 25 mV s−1, which is
highest among all supercapacitors after the first heating cycle.
The increase in specific capacitance for ABPBI-10 at a scan
rate of 25 mV s−1 is about 45% as compared to that observed
before heating. However, it is only 23% for ABPBI-0. The
increase in specific capacitance after the first heating cycle
indicates increase in electrolyte conductivity as well as elec-
trochemically active electrode/electrolyte interface. Ma et al.
found most conductive species in phosphoric acid-doped
membranes were unbound phosphoric acid [30]. Wannek et
al. reported that the conductivity of ABPBI increases during
the second heating cycle [31]. They related this phenomenon
to the sweat out of some liquid at high temperatures, which did
not re-enter the membrane during cooling, and this increased
the surface conductivity of ABPBI. In the present case, also,
the same effect is expected. Excess of phosphoric acid which

sweat out of membrane after heating can penetrate into the
MWCNT to form excess electric double layer. Solution resist-
ance of the ABPBI-10 is also decreased from 0.867 to 0.771
Ω, after the first heating cycle due to this effect.

Figure 4a and b show the CVof ABPBI-10 carried out at
different temperatures at a scan rate of 50 and 500 mV s−1,
respectively, during the second heating cycles. During
the second heating cycle, pseudocapacitance peaks
started to appear (shown as ovals in the Fig. 4). Fourier
transform infrared spectroscopy (FTIR) analysis of
MWCNT treated with phosphoric acid at 100 °C shows
that there is no additional functional group generation on
the surface (figure not shown). This indicates that the
electrolyte must be physiosorbed on the surface of MWCNT.
Masarapu et al. also reported a similar increase after the
heating cycle for SWCNT with liquid electrolyte [21]. The
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redox peaks associated with pseudocapacitance shift to higher
voltage with increase in scan rate. Generally, when the scan
rate is increased, oxidation peak shifts to higher voltage, while
reduction peak shifts to lower voltage [32]. From the CV, it
can be inferred that capacitance is predominantly due to
double layer and pseudocapacitance also adding to overall
capacitance.

Figure 5a and b show the effect of temperature on the
specific capacitance of all the supercapacitors at scan rates
of 50 and 500 mV s−1, respectively, during the second
heating cycle. All the supercapacitors show linear increase
in the specific capacitance with increasing temperature.
Specific capacitance of ABPBI-10 increases from 28.8 Fg−1

at room temperature to 35.2 Fg−1. Increase in the specific
capacitance can be attributed to three reasons. Firstly, due to
the increase in temperature, the dissociation of ions pairs in the
electrolyte increase and, hence, concentration of ions at the
vicinity of electrode–electrolyte interface increase and result
in enhanced double layer formation. Secondly, at high
temperature, the kinetic energy of ions is high and, hence,
diffusion of ions into the inner canal of MWCNT results
in more amount of charge accumulation. Frackowiak et al.
reported that accumulation of charges in the central canal
of CNT can enhance the capacitance if the tips of the
CNTs are open [18–20, 33, 34]. TEM of the MWCNT
(Fig. 6) indicates the tips are mostly opened. Hence, ions
will likely penetrate into the central canal of MWCNT and
result in more accumulation of charges. Simon et al. had
shown that the ions can even desolvate in order to enter

into the pores which are of single ion size [6, 35, 36].
Thirdly, in addition to double layer capacitance, increase
in temperature results in physiosorbtion of electrolyte
ions on the surface of MWCNT, and resultant pseudo-
capacitance also contributes to the increase in specific
capacitance.

It was observed that specific capacitance of ABPBI-10 is
the highest among all the supercapacitor after the first heat-
ing cycle. During electrochemical measurements, the super-
capacitor unit cells are kept under pressure. As ABPBI-0
contained liquid electrolyte, the chances of squeezing out of
excess electrolyte from the cell could be more. During the
second heating cycle, ABPBI-0 might not have enough
electrolytes for the excess double layer formation at elevated
temperature. On the other hand, ABPBI-10 containing solid
electrolyte can hold more amount of phosphoric acid even
under high pressure. However, with further increase in
concentration of ABPBI, the contact between MWCNTs
reduces due to more amount of coverage of solid electrode
over MWCNT and, hence, the specific capacitance decreases
at higher concentration. From the CV studies, it can be
concluded that ABPBI-10 has optimum concentration of
solid electrolyte.

Electrochemical impedance spectroscopy (EIS)
of supercapacitors

EIS was carried out to understand the temperature dependence
of capacitive and resistive components of the supercapacitor

100 nm 

Fig. 6 TEM of MWCNT. The
arrows indicate the opening at
the tips of MWCNT
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[1]. EIS analysis were carried out for ABPBI-0 and ABPBI-
10, as the former contains liquid electrolyte while the latter
contains optimum amount of solid electrolyte in the electrode
of the supercapacitor. Figure 7a and b illustrate the Nyquist

spectra of ABPBI-0 and ABPBI-10 carried out at different
temperatures, respectively. EIS for all the supercapacitors is
carried out at a cell potential of 0.5 V in the frequency range of
10 mHz to 1 MHz.

Fig. 7 Nyquist plot of
supercapacitors. a ABPBI-0,
b ABPBI-10 and c Randles
equivalent circuit. Rs solution
resistance, W Warburg parame-
ter, Rl leakage resistance,
Cm mass capacitance
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From the Nyquist plot, solution resistance of the electro-
lyte (Rs) can be determined from the Z′ axis intercept at the
high frequency end. On decreasing the frequency, spectrum
generally shows a semicircle which is represented by a
parallel combination of interfacial capacitance (Ci) and
resistance (Ri). However, this semicircle shifts the capacitive
behavior along the real axis and the internal resistance of the
cell then increases to the Rs + Ri value. In the present case,
absence of the semicircle indicates good contact between the
current collector and the electrode material (inserts in Fig. 7)
[37] and low internal resistance of the supercapacitor. Such
behavior is observed when the pore size and length are
uniform [1, 3]. At the midfrequency range, the spectrum
shows the Warburg parameter (W), and this is followed by a
vertical spike parallel to the Z″ axis at a low frequency range
which is represented as mass capacitance Cm. Any inclina-
tion towards to Z′ indicates that the capacitance (Cm) is with
a leakage resistance (Rl) in parallel.

The impedance spectra of the supercapacitor can be rep-
resented by the Randles equivalent circuit and is shown in
Fig. 7c. The values of capacitive and resistive components
of the circuit for ABPBI-0 and ABPBI-10 at different tem-
peratures are given in the Tables 2 and 3, respectively. As
expected, Rs value decreases with increase in temperature,
since the conductivity of the electrolyte increases with tem-
perature [23]. However, Rs of ABPBI-10 is found to be
slightly higher than ABPBI-0. In ABPBI-10, the solid elec-
trolyte present in the electrode also adds to the thickness of
the separator and, in turn, increases the Rs value.

It is observed that both W and Cm of the supercapacitors
increase with temperature, while Rl decreases with temper-
ature. Eq. 2 gives the relation between the Warburg param-
eter and temperature [38, 39]:

W ¼ RT

n2F2Ac
ffiffiffiffiffiffi

Dc
p ð2Þ

where R is the gas constant, T is the absolute temperature, n
is the number of the electron transferred, F is the faraday
constant, A is the geometric electrode area, c is the ionic
concentration and Dc is the diffusivity of ions in the elec-
trode. From Eq. 2, it can be inferred that diffusivity and
temperature are the two dominating factors which affect the
Warburg parameter. The conducting mechanism of protons

in ABPBI is based on proton jumping between a complex
network of imidazole rings, water molecules and phosphoric
acid molecules [30]. Mobility of phosphate counter ions is
more than two orders of magnitude lower than that of the
proton [27]. At elevated temperature, the kinetic energy of
the ions increases which, in turn, increases the diffusivity of
the ions in the electrode. At high temperatures, dehydration
of solid electrolyte also takes place, which might decrease
the diffusivity of ions [27]. Due to prolonged heating,
unbound phosphoric acid might form oligophosphoric acid
and the migration of higher molecular weight species might
be difficult [40, 41]. However, the net increase in diffusivity
to overcome temperature effect in Eq. 2 might be less and,
hence, Warburg parameter increases with temperature. The
higher Warburg parameter of ABPBI-10 is due to the
obvious reason that at a given temperature, diffusivity of
ions in the solid electrolyte is less compared to liquid
electrolyte. Mass capacitance calculated from the fitting
values is found to be close to that determined by CVs.

Leakage resistance, Rl, is found to decrease with increase
in temperature. Leakage resistance is due to the parasitic
reactions in the supercapacitor. At elevated temperature, the
rate of parasitic reactions might be quite high and, hence,
leakage resistance decreases [42]. Compared to liquid elec-
trolyte, the loss in solid electrolyte is found to be more.

The complex form of frequency-dependant impedance is
defined by:

Z wð Þ ¼ Z 0 wð Þ þ iZ 00 wð Þ ð3Þ
where Z′ represents the real part of impedance and Z″
represents the imaginary part of the impedance. Similarly,
the complex form of frequency-dependant capacitance can
be defined as:

C wð Þ ¼ C0 wð Þ � iC00 wð Þ ð4Þ
where

C0 ¼ �Z 00 wð Þ
w Z wð Þj j2 : ð5Þ

C00 ¼ Z 0 wð Þ
w Z wð Þj j2 : ð6Þ

Table 2 Equivalent circuit fitting parameters for ABPBI-0 at different
temperatures

Fitting parameters Rs (Ω) W (Ω s−1/2) Rl (kΩ) Cm (F g−1)

27 °C 0.652 1.25 1.602 26.5

50 °C 0.566 1.78 0.769 27.9

75 °C 0.516 1.9 0.476 30.4

100 °C 0.497 2.02 0.326 32.5

Table 3 Equivalent circuit fitting parameters for ABPBI-10 at differ-
ent temperatures

Fitting parameters Rs (Ω) W (Ω s−1/2) Rl (kΩ) Cm (F g−1)

27 °C 0.771 3.23 0.776 28.5

50 °C 0.689 3.64 0.552 30.9

75 °C 0.644 3.85 0.360 32.4

100 °C 0.624 3.61 0.252 35.5
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C′ represents the real part of the frequency-dependant
capacitance, while C″ represents the imaginary part of the
frequency-dependant capacitance [43, 44]. C′ corresponds
to the capacitance measure by galvanostatic charge–dis-
charge or CV methods. C″ represents the loss capacitance,
in other words, energy loss due by irreversible process that
leads to hysteresis. This could be dielectric loss of the
medium [43]. Figures 8 and 9 illustrate the C′ and C″ for
ABPBI-0 and ABPBI-10 as a function of frequency, respec-
tively. From Fig. 8, it is evident that the specific capacitance
increases with temperature and was found to be close to the
values obtained by CV. The loss capacitance also increases
with increase in temperature. The loss capacitance of
ABPBI-10 is found to be slightly higher compared to
ABPBI-0. The dielectric loss of a solid will be compara-
tively higher than liquid, since dipole orientation in com-
pliance to the applied AC signal in solid will be more
difficult than in liquid.

The peak C″ in Fig. 9 corresponds to a frequency, f0, and
the time constant is defined by τ0 0 1/f0. The time constant
represents the dielectric relaxation time and corresponds to
the figure of merit of the supercapacitor [44, 45]. It is the
time below which the supercapacitor behavior is resistive
and above, it is capacitive. In other words, at time constant,
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Table 4 Time constant and phase angle of ABPBI-0 and ABPBI-10 at
different temperatures

Temperature (°C) ABPBI-0 ABPBI–10

τ0 (s) Phase angle (°) τ0 (s) Phase angle (°)

27 1.23 85.2 1.23 85.3

50 1.05 84.9 1.23 84.5

75 1.05 83.4 1.23 83.1

100 1.23 82.1 1.23 81.6
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τ0, phase angle is 45°. From Table 4, it can be observed that
the time constant of both the supercapacitors are almost
constant with change in temperature. It denotes the time
taken for diffusion of ions on the surface of MWCNT.
Marasapu et al. also indicated that the diffusion of ions takes
place along the surface of SWCNT and showed that the
charging process is temperature independent [21].

Phase angle of a capacitance is a measure of capacitance
behavior. Phase angle of the supercapacitors is found to be
around 85.2±0.1° at room temperature which is close to the
ideal capacitor (90°). This result implies that supercapacitors
have excellent capacitor behavior at room temperature.
However, phase angle is found to decrease for both the
supercapacitors with increase in temperature. This decrease
in phase angle is due to the decrease in the leakage resist-
ance with temperature.

Galvanostatic charge–discharge cycling

ABPBI-10 has been subjected to continuous charge–dis-
charge cycling. The specific capacitance as a function of
charge–discharge cycles is shown in Fig. 10. Initial 2,000
cycles have been carried out at room temperature and, there-
after, 1,000 cycles each at 100 °C and room temperature
alternatively. The charging–discharging cycles has been
carried out in the voltage range of 0–0.8 V at a current rate
of 1 A g−1. It is observed that the room temperature-specific
capacitance increases slowly from 28.2 to 29.8 Fg−1. How-
ever, during high temperature cycling, the specific capaci-
tance increases sharply and then attains an almost constant
value. The same trend is observed for subsequent cycling at
room temperature and 100 °C. Interestingly, the high tem-
perature capacitance increases to 52 Fg−1 which is approx-
imately 85% more than that observed at room temperature.
During initial cycles of charge–discharge, free phosphoric

acid penetration into the central canal of the CNT might be
very less or very slow and, hence, capacitance increase is
observed to be very less. Figure 11 shows the nitrogen
adsorption isotherm of MWCNT treated with phosphoric
acid at 100 °C for 0, 24 and 48 h. Surface areas are 239,
254 and 319 m2 g−1 for 0-, 24- and 48-h treated MWCNT,
respectively. Phosphoric acid is a good oxidizing agent for
carbonaceous materials [5, 46, 47]. Treatment of carbon
with phosphoric acid, at elevated temperature, generally
creates a porous carbon structure [23, 48]. In the present
case, also, phosphoric acid may activate the surface of
MWCNT at elevated temperature of 100 °C. This may
increase the micropores of the MWCNT and might also
open pores that lead to the central canal. Hence, at elevated
temperature, the capacitance increases sharply due to migra-
tion of free acid into the central canal of MWCNT. Jurwicz
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et al. also reported that KOH treatment of (CNT)s increased
their surface area. The surface area increase attributed to the
opening of tips of (CNT)s and creation of micropores along
the walls [33].

Conclusion

MWCNT supercapacitor containing different concentrations
of ABPBI was fabricated, and their electrochemical per-
formance was studied over a temperature range of 27–
100 °C. The specific capacitance of supercapacitors at room
temperature increased after the first heating cycle. ABPBI-
10 showed a specific capacitance of 28.8 Fg−1 at 50 mV s−1

scan rate at room temperature, which was the highest among
all the supercapacitors studied. Rectangular CV profile of
supercapacitor indicated good capacitor behavior even at
high scan rates. Specific capacitance was found to increase
linearly with temperature and indicated that the capacitance
was largely due to electric double layer, even though some
pseudocapacitance behavior was noticed. EIS of supercapa-
citors analyzed with Randles equivalent circuit. Complex
capacitance was resolved into real and loss capacitances and
was found that both the capacitances increased with temper-
ature. The time constant, τ0, was found to be independent of
temperature. Phase angle of supercapacitor was about 85.2±
1° at room temperature and it decreased with temperature.
Galvanostatic charge–discharge cycles were carried out for
ABPBI-10. Specific capacitance of supercapacitor was sta-
ble during room temperature cycling; however, at 100 °C,
the specific capacitance initially increases and attains a
stable value. The specific capacitance at 100 °C was found
to be 52 Fg−1 which was 85% more than that at room
temperature. The increase in specific capacitance is attributed
to increase in surface area due to activation by phosphoric
acid resulting in diffusion of ion into the central canal of
MWCNT.
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