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Abstract In this work, the use of a polyethylene oxide-based
nanocomposite polymer electrolyte (NCPE) in a redox capac-
itor with polypyrrole electrodes has been studied. To the best
of our knowledge, not much work has been reported in the
literature on redox capacitors fabricated using NCPEs. The
composition of the polyethylene oxide (PEO)-based NCPE
was fine tuned to obtain films with the highest ionic conduc-
tivity. They were mechanically stable to handle for any pur-
pose without damaging the film. The optimized composition
was {[(10PEO:NaClO4) molar ratio]: 75 wt.% propylene car-
bonate (PC)}: 5 wt.% TiO2. This electrolyte film showed an
ambient temperature ionic conductivity of 5.42 × 10−3 S cm−1.
It was employed in a redox capacitor with polypyrrole elec-
trodes polymerized in the presence of sodium perchlorate in
non-aqueous medium. Performance of the redox capacitors
were observed using cycling voltammetry, electrochemical
impedance spectroscopy, and galvanostatic charge discharge
test. It was possible to observe a satisfactory capacitive behav-
ior in the range 58–83 F/g. Further, the redox capacitors had
the ability to retain for continuous charge discharge processes.

Keywords Nanocomposite polymer electrolytes . Redox
capacitors . Cyclic voltammetry . Polyethylene oxide

Introduction

Since the launching of the studies on polymer electrolytes by
Fenton et al. in 1973 and follow-up actions taken by Armand
et al., research activities on this class of materials have re-
ceived an ever increasing interest both in academia and indus-
try [1, 2]. Due to the potentially promising applications such
as batteries, super capacitors, sensors, and solar cells, attention
on polymer electrolytes has inspired an intense research and
development covering various aspects including synthesis and
characterization of new polymer electrolytes and improving
their properties. From the beginning, polyethylene oxide
(PEO)-based polymer electrolytes have spurred an enormous
amount of global research. However, due to the unending
research activities, it has later been realized that a high con-
centration of crystalline phase exists in PEO and that impedes
the ionic conductivity [3]. One strategy that has been
attempted to inhibit this crystallinity is by introducing
nanosize filler particles such as titanium dioxide (TiO2), sili-
con dioxide (SiO2), and alumina (Al2O3) to PEO-based poly-
mer electrolytes. These electrolytes were named as nanocom-
posite polymer electrolytes (NCPE) [4–6]. Apart from
diminishing the crystalline nature of the polymer, this nano-
particle dispersion is assumed to be creating interfaces be-
tween the polymer and the nanoparticles which act as prefer-
ential ion conduction path ways. Also, mechanical stability,
electrolyte/electrode contacts, and interfacial properties are
substantially improved upon introduction of nanofillers.
Such PEO-based NCPEs have been extensively investigated
for fabricating various types of batteries [7, 8].

Today, there is a considerable interest on super capacitors
compared to several decades ago. Super capacitors are ideally
suited for rapid storage and release of energy during short time
pulses [9]. Basically, there are two types of super capacitors,
namely redox capacitors and electric double-layer capacitors
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(EDLCs). Redox capacitors use conducting polymers and
transition metal oxides as electrodes whereas EDLCs use
carbon-based electrodes [10]. Because of this, the charge stor-
age mechanisms of the two types are different [11].
Conducting polymers represent an attractive class of materials
having the advantages such as fast doping and dedoping dur-
ing charging and discharging, high charge density, low cost,
and easy synthesis. A considerable amount of research work
has been done on redox capacitors using conducting polymer
electrodes. However, many of these redox capacitors have
been fabricated using liquid electrolytes and posses the usual
drawbacks due to the presence of the liquid phase. To over-
come these drawbacks, gel polymer electrolytes (GPEs) have
been developed as a better alternative [12, 13].

This paper describes the performance of a redox capacitor
fabricated with a PEO-based NCPE and conducting polymer
electrodes. Many of the PEO-based NCPEs that have been
reported were based on PEO, a salt, and a nanofiller. But, in
the NCPE reported in this work, propylene carbonate (PC) has
also been introduced with the aim of enhancing amorphous
nature and thereby increasing the conductivity. To the best of
our knowledge, a redox capacitor based on a NCPE and
conducting polymer electrodes has not been reported in
literature.

Experimental

Preparation of PEO-based nanocomposite polymer
electrolytes

PEO (Mw ~400,000, Aldrich), sodium perchlorate (NaClO4)
(>99%, Aldrich), and PC (99%, Aldrich) were vacuum dried
at 50 °C for 24 h prior to use. Required amounts of PEO and
NaClO4 were added to acetonitrile (BDH) and stirred over-
night using a magnetic stirrer until a homogenous mixture was
obtained. The mixture was then poured into a Teflon petri dish
and the solvent was allowed to evaporate. Six different sam-
ples were prepared by varying the molar ratio of PEO/Na as 5,
10, 15, 20, 25, and 30. After determining the composition that
results the highest conductivity, samples were prepared adding
six different weight percentages of PC to that sample.
Different weight percentages of TiO2 (P-25 Degussa) were
added to the sample with the optimized PC/PEO/NaClO4

composition.

AC conductivity measurements

A circular shaped sample was cut from the electrolyte film and
was sandwiched between two well cleaned stainless steel (SS)
discs. This sample assembly was loaded inside a Teflon sam-
ple holder which is sealed by means of an O-ring. Impedance
data were collected in the frequency range from 0.1 MHz to

0.01 Hz and in the temperature range from 25 to 65 °C using a
Metrohm Autolab M101 impedance analyzer.

The conductivity of the electrolyte (σ) was calculated from
the equation, σ = (1/R) (t/A) where t and A are the thickness
and area of the electrolyte respectively and R is the bulk elec-
trolyte resistance.

DC polarization test

The same sample assembly used for ac conductivity measure-
ments was used to carry out the DC polarization test. The
current variation across the electrolyte sample with time was
monitored under a DC voltage of 1 V. Ionic transference num-

ber, ti, was calculated using the equation. ti ¼ I i−I s
I s

where Ii is

the initial current due to ions and electrons and Is is the satu-
rated current due to electrons.

Preparation of conducting polymer electrodes

Pyrrole (Aldrich, 99%) was distilled and stored in dark in a
refrigerator prior to use. A 0.1-M pyrrole solution was elec-
trochemically polymerized onto fluorine-doped tin oxide
(FTO) conducting glass plates using a standard three electrode
setup. A Ag/AgCl electrode and a Pt electrode were used as
reference and counter electrode, respectively. A non-aqueous
electrolyte containing propylene carbonate (PC) (Aldrich,
99%) and 0.05 M sodium perchlorate (NaClO4) (>99%,
Aldrich) was used for polymerization. The current density
used was 0.25 mAcm−2 and polypyrrole (PPy) electrode film
thickness was 2 μm. The cross-section area of an electrode
was 1 cm2.

Fabrication of redox capacitors

An electrolyte sample was sandwiched in between two FTO
glass plates on which pyrrole was polymerized. The area of
the redox capacitor was 1 cm2.

Characterization of redox capacitors

Cyclic voltammetry

Cycling was done at the scan rate of 20 mVs−1 within the
potential window ranging from (−1.0 to +1.0 V) to (−2.0 to
+2.0 V). Measurements were taken at room temperature.

Single electrode specific capacity, Cs was calculated using
the following equation. Cs = (2 ∫ Idv)/s .ΔV.m Here, Idv is
the area of the CV, s is the scan rate, ΔV is the potential
window, and m is the mass of a single electrode.
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Electrochemical impedance spectroscopy

Impedance measurements of the redox capacitor were taken at
room temperature from 0.4MHz to 0.005 Hz. Bode plots were
drawn to observe the capacitive and resistive effects as well as
to find out the relaxation time (τ). τ = 1/2πf0 where f0 is the
frequency corresponding to the maximum imaginary capacity
that is available in the graph of C″ vs f. In addition, the single
electrode specific capacitance, Cs was traced with the maxi-
mum C′ value in the Bode plot between C′ and f [14]. Nyquist
plots drawn between imaginary and real impedances were also
used to calculate the single electrode specific capacitance, Cs

using the equation, Cs = 1/2πfZ''m. Here, f is a low-frequency
value where capacitive features become dominant, Z″ is the
imaginary value of impedance at frequency, f and m is the
mass of a single electrode.

Galvanostatic charge discharge test

Redox capacitors were charged and discharged continuously
under a constant current of 10 μA. Charging and discharging
were terminated at the potentials of 1.5 and 0.8 V, respectively.
Measurements were taken for 1000 cycles. The single elec-

trode discharge capacity, Cd, was calculated from Cd ¼ IΔt
mΔv.

Here, I is the discharge current, m is the mass of a single
electrode, and (Δv/Δt) is the rate of potential drop excluding
IR drop during discharging.

Results and discussion

Optimization of electrolyte composition in terms
of PEO/NaClO4

Figure 1 shows the variation of the conductivity of the PEO/
NaClO4 polymer electrolyte with PEO/NaClO4 molar ratio at
different temperatures. Upon increasing temperature, conduc-
tivity of the electrolyte samples has increased. This is evident-
ly due to the increase in ionic mobility when ions gain thermal
energy. And also, this may be resulting from the increased
amorphous nature of the PEO in the electrolyte [15, 16].
From the figure, it is seen that conductivity maxima
(1.08 × 10−4 S cm−1 at room temperature) occurs at PEO/
NaClO4 molar ratio = 10 for all the measured temperatures.
At very low PEO/Na ratios, the salt concentration is too high
and therefore the ion concentration is high. Due to that, ions
are very close to each other and there exists a high tendency to
form ion pair, triplets, and aggregates which are not
supporting ionic conductivity. This results a low ionic conduc-
tivity around mole ratio of PEO/Na = 5. As the ratio PEO/Na
increases, salt concentration reduces and aggregation of ions
gets disturbed. As a result, mobile ions are present in the

system and the conductivity increases giving the maximum
ionic conductivity at PEO/Na = 10. Further increase in PEO/
Na ratio results in higher viscosity of the medium disrupting
the migration of ions. This eventually reduces the conductiv-
ity. When PEO/Na ratio is varied from 20 to 25, an increase of
conductivity is observable. This may happen when the free
mobile ion concentration dominates the viscosity of the medi-
um. At PEO/Na ratio of 25, a secondary maxima occurs with
conductivity reduction beyond that point. This may be due to
overruling the free mobile ion concentration by the viscosity.
And also, at high PEO/Na ratios, salt concentration is very
low. Then the contribution of the salt to disturb the semicrys-
talline nature of the electrolyte may be small [8]. As a result,
conductivity can reduce.

Figure 2 shows the variation of conductivity with propyl-
ene carbonate (PC) concentration of the PEO/Na = 10 electro-
lyte sample with the highest ionic conductivity. Upon increas-
ing PC concentration, conductivity increases and after a max-
imum, it decreases. The initial conductivity increase can be
attributed to the increase of the amorphous phase of the sys-
tem. It is known that the glass transition temperature is
lowered upon introduction of solvents such as PC and with
that, crystalline phase tend to vanish. At amorphous state,
polymer chains become more flexible and segmental motion
increases facilitating the ionic migration. As a result, conduc-
tivity increases substantially. At higher PC concentrations,
there is a possibility to form non-conducting clusters which
diminish conductivity. The optimum PC concentration was
taken as 75% by weight which yielded a conductivity value
of 5.04 × 10−3 S cm−1.

Figure 3 shows the variation of the conductivity at different
temperatures for different TiO2 concentrations. With increas-
ing TiO2 content, the conductivity has increased followed by a

Fig. 1 Variation of the conductivity of the PEO/NaClO4 polymer
electrolyte with PEO/NaClO4 molar ratio at different temperatures (1:
25 °C, 2: 30 °C, 3: 35 °C, 4: 40 °C, 5: 45 °C, 6: 50 °C, 7: 55 °C, 8:
60 °C, 9: 65 °C)
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maximum and then decreased. Initial increasemay possibly be
due to the suppression of the crystalline phase by the presence
of TiO2 as well as due to the presence of additional conducting
pathways formed by Lewis-acid type interactions between
oxygen and OH groups at the surface of TiO2 grains with
cations in the PEO electrolyte [17, 18].

At TiO2 concentrations higher than 5 wt%, it is very likely
that these additional conduction path ways may be blocked by
excess TiO2 grains. At higher TiO2 contents, PEO backbone
may undergo gauche arrangement which restrains the segmen-
tal motion. This is not favorable for ion transport at all. Then,
this leads to a substantial reduction of conductivity. The com-
position with 5 wt% of TiO2 was taken as the electrolyte with
maximum conductivity of 5.42 × 10−3 S cm−1 at 30 °C.

This value is verymuch higher than the conductivity values
reported by many groups. Nimah et al. have observed an in-
crease of conductivity from 1.35 × 10−4 to 2.62 × 10−4 S cm−1

due to addition of 5% TiO2 by [10]. Dey et al. have reported a
maximum conductivity of 2.15 × 10−3 S cm−1 for a NCPE
based on PEO, potassium iodide (KI), and cerium oxide
(CeO2) [19].

Ionic transference number measurements

The results of the DC polarization test with an applied voltage
of 1.0 V, in the form of the variation of current with time, are
shown in Fig. 4. This clearly shows that the PEO-based nano-
composite electrolyte is predominantly an ionic conductor.

It can be noticed that an initial current of 0.205 A dropped
quickly to 0.01 A which is due to the ions blocked by the
electrodes [20]. The calculated ionic transference number, ti,
is 0.90 confirming that the nanocomposite polymer electrolyte
is predominantly an ionic conductor [21, 22].

Characterization of redox capacitors

Cyclic voltammetry

Figure 5 shows the resulting cyclic voltammograms of the
redox capacitor in the configuration, PPy: ClO4/NCPE/PPy:
ClO4. Appearance of peaks confirms the occurrence of fara-
daic reactions that lead to pseudo-capacitive behavior which is
accompanied only by an electron charge transfer between the
electrolyte and electrodes. No chemical reaction takes place
under this situation. Sharp anodic and cathodic peaks are
appearing in each potential window suggesting that the ion
doping and dedoping occur during cycling. In addition, this
is due to potential dependent capacitance. Anodic and

Fig. 3 Variation of the conductivity with TiO2 concentration (by weight
%) at different temperatures (1: 25 °C, 2: 30 °C, 3: 35 °C, 4: 40 °C, 5:
45 °C, 6: 50 °C, 7: 55 °C, 8: 60 °C, 9: 65 °C)

Fig. 2 Variation of the conductivity with PC concentration (byweight %)
at different temperatures (1: 25 °C, 2: 30 °C, 3: 35 °C, 4: 40 °C, 5: 45 °C,
6: 50 °C, 7: 55 °C, 8: 60 °C, 9: 65 °C)

Fig. 4 DC polarization curve taken with configuration SS/NCPE/SS
under 1.0 V DC voltage. SS stainless steel
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cathodic currents increased proportionally with the potential.
This is an evidence for the satisfactory reversibility of the
charge discharge processes. All CV patterns exhibit a nearly
mirror image symmetry of current response and this demon-
strates the reversibility of the redox capacitor [23, 24].

Single electrode specific capacitance (Cs) values were cal-
culated for each potential window and it was seen that the
maximum value of Cs can be obtained within the potential
window, −1.4 to +1.4 V. This observation proves that there
is a dependency ofCs on the potential windowwhich is further
confirmed by the peaks in the cyclic voltammograms. At nar-
row potential windows, complete redox reactions of ion ex-
change may not take place. Also, at wider potential windows,
there is a possibility for the occurrence of some other reactions
such as deterioration of the conducting polymer, growth of
interfacial layer between the electrolyte-electrode which hin-
der the proper charge storage. The highest Cs value was cal-
culated as 83 F g−1. As the polypyrrole electrodes were pre-
pared in aqueous medium, a larger potential window, higher
than 1 V was possible. If an aqueous medium was used, the
potential window is restricted to 1 V as reported by Ramya
et al. [25]. And also, within the potential windows considered,
electrolyte seems to be stable. But, the PPy films are normally
having a dense nature. This leads to limited access to the
interior sites of the polymer for dopant ions lowering storage
of charges.

Electrochemical impedance spectroscopy (EIS)

Figure 6a, b shows the Bode plots of the redox capacitor
fabricated in the configuration, PPy: ClO4/NCPE/PPy: ClO4.
Variation of the real part of the capacitance (C′) with frequen-
cy shows that in the low-frequency region, the capacitive fea-
tures become dominant where as at higher frequency region,

the resistive features become dominant as reported by Tey
et al. [13]. The Cs value derived from the Bode plot is
58 F g−1. Relaxation time constant is 21 s. This is a very small
value and it suggests the relatively fast speed of the charging
discharging processes.

In the Nyquist plot (Fig. 7), high-frequency region is usu-
ally reflecting the properties of bulk electrolyte as a semicircle.
Intermediate frequency range is exhibiting the charge transfer
between electrolyte and electrodes. Another semicircle ap-
pears to represent those characteristics. At lower frequencies,
resistive nature vanishes and as a result, ion migration in-
creases. Then, impedance is determined by the ion diffusion
and it gives a linear behavior. Initially, a linear portion of about
a 45° angle appears in the low-frequency region of the imped-
ance plot representing the diffusion called Warburg diffusion.
As frequency is reduced further, slope of the impedance plot
increases and becomes parallel to the imaginary axis
exhibiting pure capacitive behavior. Absence of the high-

Fig. 6 a, b Bode plots drawn as real capacitance versus frequency and
imaginary capacitance versus frequency, respectively

Fig. 5 Cyclic Voltammograms obtained for the redox capacitor, PPy:
NCPE: PPy at different potential windows (1: −2 to 2 V, 2: −1.8 to
1.8 V, 3: −1.6 to 1.6 V, 4: −1.4 to 1.4 V, 5: −1.2 to 1.2 V, 6: −1.0 to 1.0 V)
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frequency semicircle in the resulting impedance plot (as clear
in the insert of Fig. 7) may be due to the unavailability of the
required frequency range in the measurements. Cs value was
calculated at the lowest frequency of 0.005 Hz and it was
65 F g−1. It is very clear that the two values obtained with
Bode plots and Nyquist plots are nearly same.

Cs values obtained from CV test and EIS are slightly dif-
ferent. It may be because in CV test, cycling is done at a
constant scan rate within a potential window and for EIS,
and Cs is calculated using impedance values with respect to
frequency. And also, based on the selection of the frequency in
the impedance plot, Cs value can vary.

Anyway, the reported values are comparatively higher than
the values reported in literature for other super capacitor con-
figurations [26, 27].

Galvanostatic charge discharge test

Figure 8 illustrates few charge discharge cycles resulted from
the galvanostatic charge discharge test. A sudden decrement
of potential could be seen at the onset of discharge. This arises
due to ohmic loss across the internal resistance of the device.
In general, it is called as IR drop. It was slightly higher (0.2 V)
in the redox capacitor investigated under the present study. It
evidences the high internal resistance.

Figure 9 shows the variation of discharge capacity the re-
dox capacitor upon continuous cycling. However, the impor-
tant feature that can be observed here is that the capacity
degradation over repeated cycling was rather low (~10%).
This is an evidence for the stability of PPy film for continuous
charging and discharging in a non-aqueous environment.
Palaniappan et al. have reported the possible degradation of
a conducting polymer (polyaniline) during continuous cycling
in an aqueous medium [9].

The calculated average Cd value is 24 F g−1.

Conclusion

A PEO-based nanocomposite polymer electrolyte was suc-
cessfully prepared using solvent casting method and by opti-
mizing the PEO/NaClO4 molar ratio, PC, and TiO2 concen-
trations. The composition used is [{(10PEO: NaClO4) molar
ratio}: 75 wt.% PC]: 5 wt.% TiO2. It showed an ambient
temperature ionic conductivity of 5.42 × 10−3 S cm−1. A sub-
stantial conductivity enhancement was achieved upon the in-
troduction of PC and TiO2. Sample was predominantly an
ionic conductor. A redox capacitor fabricated with PPy elec-
trodes showed a specific capacity variation between 58 and
83 F g−1. The discharge capacity was 24 F g−1. As a final
conclusion, it can be stated that the electrolyte/electrode

Fig. 8 Variation of discharge capacity of the redox capacitor upon
continuous charging and discharging under a constant current of 10 μA

Fig. 7 Resulting Nyquist plot of the redox capacitor, PPy: NCPE: PPy
(Inset: expanded area at high-frequency range)

Fig. 9 Variation of discharge capacity of the redox capacitor upon
continuous cycling
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combination investigated in the study is suitable for using in
practical redox capacitors even though the obtained values are
quite lower. Further studies are being carried out to improve
the performance.
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