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Effect of polymerisation current density of electrodes on the
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5HYLVHG-XQH$FFHSWHG6HSWHPEHU

$EVWUDFW8VHRIUHGR[FDSDFLWRUVLVRQHRIWKHHIIHFWLYHDQG
economic solutions to the demand for power sources. Redoxcapacitors replace the role of batteries and conventional
capacitors by hundred times of the power density and energy
density. Research activities are being continued to fabricate
more comprehensive supercapacitors. Among those, fabrication
of the symmetric polymer capacitor is dominant because of its
simplicity. In this study, the effect of polymerisation current
density on the performance of a symmetric polymer redoxcapacitor is reported. Conducting polymer, polypyrrole (PPy)
was used as the electrodes, while a gel polymer electrolyte
*3(  EDVHG RQ SRO\YLQ\OLGHQHÀXRULGH 39')  ZDV XVHG
as the electrolyte. Fabrication of the redox-capacitors was
FDUULHG RXW LQ WKH FRQ¿JXUDWLRQ RI 33\  *3(  33\. They
were characterised using cyclic voltammetry tests, continuous
galvanostatic charge-discharge tests and electrochemical
LPSHGDQFH VSHFWURVFRS\ $Q DYHUDJH VSHFL¿F FDSDFLWDQFH
value of 12 Fg-1 could be obtained by cyclic voltammetry
measurements. It was about 7 Fg-1 as per the galvanostatic
FKDUJHGLVFKDUJH WHVW 7KH VSHFL¿F FDSDFLW\ UHPDLQV UDWKHU
stable upon continuous cycling. An increase was noticed in
VSHFL¿F FDSDFLW\ ZLWK WKH LQFUHDVH LQ SRO\PHULVDWLRQ FXUUHQW
density. From the impedance spectroscopy measurements,
it was observed that with increasing polymerisation current
density, the capacitive nature of the redox-capacitors can be
improved.
.H\ZRUGV Cyclic voltammetry, polypyrrole, redox-capacitor,
VSHFL¿FFDSDFLW\

INTRODUCTION
A supercapacitor or an electrochemical capacitor is
an energy storage device, which is used to store and
UHOHDVH HQHUJ\ 8SSXJDOOD et al., 2014). By bridging
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the gap between batteries and conventional capacitors,
supercapacitors have been designed for higher energy
storing and elevated power delivery (Snook et al., 2011).
Having both technical and economical advantages in a
diverse range of consumer and industrial applications
including hybrid electric vehicles, potable electronics,
medical electronics and military devices, supercapacitors
combine the high energy storage capability of batteries
with the high power delivery capability of capacitors
(Fonseka et al 
Supercapacitors have been categorised into two
general classes on the type of electrode materials
employed and the charge storage mechanism at the
electrode-electrolyte interfaces (Halper & Ellenbogen,
 +DVKPL et al., 2007) as electrochemical double
layer capacitors (EDLCs), and redox-capacitors. EDLCs
store charges electrostatically (non-faradically), which
govern the double layer capacitance where there is no
transfer of charge between the electrode and electrolyte.
It utilises an electrochemical double layer of charge to
store energy. Different forms of carbon materials such as
activated carbon, carbon aerogels and carbon nanotubes
are employed in the formation of electrodes (Frackowiak
& Beguin, 2001; Prabaharan et al*X <XVKLQ
2013). In contrast to the EDLCs, redox-capacitors store
charge faradically through the transfer of charge between
the electrode and electrolyte. This is accomplished
through electrosorption, reduction-oxidation reactions
and intercalation processes. These faradic processes
allow redox-capacitors to achieve greater capacitance
and energy densities than EDLCs (Halper & Ellenbogen,
 Transition metal oxides such as RuOx, CoO, and
NiOx or conducting polymers such as polypyrrole (PPy),
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polyaniline (PANI) and polythiophene (PT) can be used
as electrode materials for redox-capacitors. Conducting
polymers have been regarded as promising capacitive
materials because the ion uptake during doping allows
ion intercalation throughout the electrode and exposes
the ions in the electrolyte to more than just the surface
interface of the material (Yu et al., 2013). The use of
conducting polymer materials for redox capacitors has
several advantages over other systems. They have a good
intrinsic conductivity and are relatively cheap, so the
preparation and fabrication costs would be competitive.
Among conducting polymers PPy has attracted much
attention as a better candidate due to its ease of synthesis,
good redox properties, stability in oxidised form,
the ability to give high electrical conductivity, water
solubility, commercial availability and useful electrical
and optical properties (Ates et al., 2012).

and propylene carbonate (PC) (Aldrich) as previously
reported by Jayathilake et al. (2014).

Redox-capacitors have been fabricated using liquid
electrolyte as the separator. However, liquid electrolytes
pose crucial problems such as self-discharge, corrosion,
leakage and low energy density (Jayathilaka et al.,
2014). To overcome these problems, the trend has been
the utilisation of gel polymer electrolytes (GPE). The
fabrication of a redox-capacitor based on a GPE and a
conducting polymer PPy as electrodes, and the variation
RIVSHFL¿FFDSDFLWDQFHZLWKUHVSHFWWRWKHFXUUHQWGHQVLW\
used for the synthesis of polymer electrodes has been the
focus of this study.

Cyclic voltammetry tests were performed in a
SRWHQWLDOZLQGRZRI  9DWDVFDQUDWHRI
mV/s by means of a computer controlled Potentiostat/
*DOYDQRVWDW 0HWURKRP$872/$%0 2QH33\
electrode served as the working electrode and the other
as both the counter and reference electrodes. Continuous
galvanostatic charge-discharge tests were carried out
to check the ability to withstand long term cycling.
7KH UHGR[FDSDFLWRUZDV¿UVW JDOYDQRVWDWLFDOO\FKDUJHG
to 0.5 V, and immediately subjected to a galvanostatic
discharge of 0.0 V. The maximum charge and discharge
FXUUHQWVZHUHVHWWR$7KHVSHFL¿FFDSDFLWDQFHRI
the redox-capacitor was calculated using the chargedischarge curves.

METHODOLOGY

Fabrication of redox-capacitors
Symmetric redox-capacitors were fabricated using two
33\¿OPVGHSRVLWHGRQ)72JODVVSLHFHVKDYLQJFP2
electrode area. GPE having the same area was used as
the electrolyte. Structure of the redox-capacitor was in
the form of PPy:DBS / PVdF:EC:PC:ZnTF / PPy:DBS.
Characterisation
Electrochemical impedance spectroscopy (EIS)
measurements were carried out at frequencies ranging
IURP  +]   N+] XVLQJ 0HWURKP $872/$%
M101 frequency response analyser.

3UHSDUDWLRQRIWKHHOHFWURGH
RESULTS AND DISCUSSION
The monomer pyrrole (Aldrich) was distilled and
stored under refrigeration prior to use. Pyrrole was
JDOYDQRVWDWLFDOO\ HOHFWURSRO\PHULVHG RQ WR ÀXRULQH
doped tin oxide (FTO) glass using Metrohom-Autolab
101 Potentiostat/Galvanostat. For this, a 3-electrode
set up was used where Ag/AgCl and Pt electrodes
served as reference and counter electrodes, respectively.
The monomer concentration (pyrrol) was 0.1 M.
6RGLXP GRGHF\OEHQ]HQHVXOIRQDWH 6'%6  $OGULFK  RI
concentration 0.05 M was used as the salt. Thickness
RIWKH33\¿OPZDVPDLQWDLQHGDWP33\HOHFWURGHV
were prepared with different current densities from
0.5 – 2.0 mA cm-2.
3UHSDUDWLRQRI*3(
*3(ZDVSUHSDUHGXVLQJSRO\YLQ\OLGHQHÀXRULGH 39G) 
$OGULFK ]LQFWULÀXRURPHWKDQHVXOIRQDWH =Q &)3SO3)2
– ZnTF) (Aldrich), ethylene carbonate (EC) (Aldrich)
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The impedance plots obtained for the redox-capacitors
fabricated using PPy electrodes having different
polymerisation current densities are shown in Figure 1.
The ideal impedance behaviour of a pure capacitor is a
straight line parallel to the imaginary axis (Z”) whereas in
practical capacitors, a steep rising capacitive impedance
response is observed in the low frequency region (Panday
et al., 2010). In the resulting plots, slanted straight
lines were observed in the lower frequency range. This
exhibits the capacitive behaviour of the redox-capacitors.
The important feature is the tendency of the lines to
become more parallel with the imaginary axis when the
polymerisation current density increases. Then, it can be
elucidated that the capacitive behaviour of the redoxcapacitors enhances at high current densities.
Cyclic voltammograms obtained for the fabricated
redox-capacitors are shown in Figure 2.
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)LJXUH

Impedance plots for the redox-capacitors in the frequency
UDQJHRI+]WRN+]DWURRPWHPSHUDWXUH
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)LJXUH Cyclic voltammograms obtained with the scan rate
of 10 mV s-1 IRU WKH UHGR[FDSDFLWRUV ZLWK 33\ ¿OPV
polymerised at different current densities. (a) 2.00 mA cm-2;
(b) 1.50 mA cm-2 ; (c) 1.00 mA cm-2 ; (d) 0.50 mA cm-2

reversibility within the potential window used (Wu et al.,
2010).
 7KHVSHFL¿FFDSDFLWDQFH &s) values were calculated
using the following equation (Wang et al., 2013).
Cs  ݕ,G9 P¨96
ZKHUHݕ,G9LVWKHLQWHJUDWHGDUHDRIWKH&9FXUYHPLV
WKH VLQJOH HOHFWURGH PDVV ¨9 LV WKH SRWHQWLDO ZLQGRZ
and S is the scan rate.

Figure 3 9DULDWLRQRIVSHFL¿FFDSDFLWDQFHRIUHGR[FDSDFLWRUVZLWK
polymerisation current density of PPy electrodes

The rectangular shape of the cyclic voltammograms
indicates the capacitive nature of the redox-capacitors
(Dey et al., 2015). In addition, this points to a fast
switching rate of ions at the sites of electrode-electrolyte
interfaces. Featureless characteristic behaviour of the
obtained cyclic voltammograms is due to the occurrence
of electron transfer between the electrode and the gel
electrolyte at a constant rate (Hashmi et al., 2007). Cyclic
voltammograms obtained during charging-discharging
processes of redox-capacitors showed almost symmetric
current responses. This may be due the fact that the
fabricated redox-capacitors have a good electrochemical
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The expanding nature of cyclic voltammograms
with increasing polymerisation current density shows an
LQFUHDVHLQVSHFL¿FFDSDFLW\RIWKHUHGR[FDSDFLWRUV7KLV
is shown in Figure 3.
 $VWKHWKLFNQHVVRIWKH33\¿OPZDVNHSWDWPDQG
the same electrolyte was used for all redox-capacitors,
WKHLQFUHDVHLQVSHFL¿FFDSDFLWDQFHZLWKSRO\PHULVDWLRQ
current density might be due to the increase in the
migration rate of ions from the electrolyte into the
polymer electrode (intercalation of Zn+) for faradic
reactions. It is reported in literature that by increasing
the polymerisation current density, the porosity of the
PPy:DBS electrode is enhanced (Zheng, 2011). The
increase of porosity of the electrode material structure
supports better intercalation processes, as porosity makes
WKHDFFHVVRILRQVWRWKHVWUXFWXUHRI33\¿OPHDVLHU7KLV
UHVXOWVLQDQLQFUHDVHRIVSHFL¿FFDSDFLW\
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Charging discharging curves of the redox-capacitors with
the variation of PPy polymerisation current density

Figure 4 shows the charge-discharge characteristics
of the redox-capacitors at constant current. The
discharge characteristics are found to be almost linear
and symmetric, which symbolise a good capacitive
EHKDYLRXU 6SHFL¿F FDSDFLWDQFH YDOXHV ZHUH FDOFXODWHG
from the linear part of the discharge curves using the
relationship Cs = 2 i / m (dv/dt), where m is the mass
of PPy electrode, i is the discharge current and dv/dt is
the slope of the discharge curve (Wang et al., 2013). The
FDOFXODWHGVSHFL¿FFDSDFLWDQFHYDOXHVYDULHGIURP
to 11.94 Fg-1 when the polymerisation current density
varied from 0.5 to 2.0 mA cm-2, respectively.
 )LJXUHVKRZVWKHYDULDWLRQRIVSHFL¿FFDSDFLWDQFH
of the redox-capacitors with cycle number for four
capacitors having PPy electrodes polymerised at
different current densities. Initially, the capacitance value
has increased upon cycling. This may be the result of
irreversible charge consumption due to some reactions
associated with possible oxidation and reduction of
loosely bound surface groups at the electrode-electrolyte
LQWHUIDFH,WLVDOVRHYLGHQWWKDWWKHVSHFL¿FFDSDFLWDQFH
values are maintained at a steady level after sometime.
This is one of the most important and special features
of the redox-capacitors when compared to rechargeable
cells (Hashmi et al ,WLVDOVRFOHDUWKDWWKHVSHFL¿F
capacitance value increases with the increase of current
density as observed with cyclic voltammetry.
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)LJXUH 9DULDWLRQ RI VSHFL¿F FDSDFLWDQFH RI WKH UHGR[FDSDFLWRUV
with the cycle number calculated from galvanostatic
charge-discharge tests

CONCLUSION
The electrochemical properties of redox-capacitors
structured as PPy:DBS/PVdF:EC:PC:ZnTF/PPy:DBS
were investigated by varying the polymerisation
current density of electrodes utilising impedance
spectroscopy, cyclic voltammetry and galvanostatic
charge-discharge techniques. From the impedance
spectroscopy measurements, it was noted that with
increasing polymerisation current density, the capacitive
nature of the redox-capacitors can be improved. An
DYHUDJH VSHFL¿F FDSDFLWDQFH YDOXH RI  )J-1 could be
obtained by cyclic voltammetry measurements. It was
about 7 Fg-1 as per the galvanostatic charge-discharge
WHVW 7KH VSHFL¿F FDSDFLW\ UHPDLQV UDWKHU VWDEOH XSRQ
FRQWLQXRXVF\FOLQJ$QLQFUHDVHLQWKHVSHFL¿FFDSDFLW\
was noticed by increasing the polymerisation current
density from both cyclic voltammetry and continuous
charge-discharge tests. Although the values were little
lower, it may be improved by enhancing the quality of
the GPE and varying the thickness of the electrodes.
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