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Enhanced supercapacitive performances of functionalized activated
carbon in novel gel polymer electrolytes with ionic liquid redox-mediated
poly(vinyl alcohol)/phosphoric acid
Abstract

Supercapacitors with solid/gel polymer electrolytes have attracted much attention due to their high reliability,
flexibility, facile designing, being separator-free and free from electrolyte leakage and volatilization such that
they can meet the increasing demands of practical applications. The present work reports on a functionalized
activated carbon (AC) supercapacitor based on novel redox-mediated gel polymer electrolyte, PVA/H3PO4/
ionic liquid (1-ethyl-3-methylimidazolium tetrafluoroborate, [EMIM]BF4). The electrochemical properties
of this supercapacitor were studied using cyclic voltammetry, galvanostatic charge/discharge and
electrochemical impedance spectroscopy techniques with various concentrations of [EMIM]BF4 in PVA/
H3PO4 gel polymer electrolyte. The incorporation of [EMIM]BF4 in PVA/H3PO4 electrolyte effectively
increased the specific capacitance value due to the improved ionic conductivity and additional pseudoreaction occurring in the electrode/electrolyte interfaces. The specific capacitance of the supercapacitor using
PVA/H3PO4/[EMIM]BF4 (50%) electrolyte showed a maximum value of 271 F g-1 at 0.5 A g-1 discharge
current, which is much higher than the bare PVA/H3PO4 (103 F g-1) based supercapacitor. The
supercapacitor with PVA/H3PO4/[EMIM]BF4 (50%) electrolyte showed enhanced energy and power
density of 54.3 W h kg-1 and 23.88 kW kg-1 respectively. Moreover the device showed comparable specific
capacitance retention after 3000 cycles of charge/discharge.
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Enhanced Supercapacitive Performances of Functionalized
Activated Carbon in Novel Gel Polymer Electrolytes with Ionic
Liquid redox-mediated Poly(vinyl alcohol)/ Phosphoric Acid
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Supercapacitors with solid/gel polymer electrolytes have attracted much attention due to their high reliability, flexibility,
facile designing, separator-free and free from electrolyte leakage and volatilization that can meet the increasing demands
of practical applications. The present work reports on a functionalized activated carbon (AC) supercapacitor based on
novel redox-mediated gel polymer electrolyte, PVA/H3PO4/ionic liquid (1-ethyl-3-methylimidazolium tetrafluoroborate,
[EMIM]BF4). The electrochemical properties of this supercapacitor was studied using cyclic voltammetry, galvanostatic
charge/discharge and electrochemical impedance spectroscopy techniques with various concentrations of [EMIM]BF4 in
PVA/H3PO4 gel polymer electrolyte. The incorporation of [EMIM]BF4 in PVA/H3PO4 electrolyte effectively increased the
specific capacitance value due to the improved ionic conductivity and additional pseudo-reaction occurring in the
electrode/electrolyte interfaces. The specific capacitance of the supercapacitor using PVA/H3PO4/[EMIM]BF4(50%)
electrolyte showed a maximum value of 271 Fg-1 at 0.5 Ag-1 discharge current, which is much higher than the bare
PVA/H3PO4 (103 Fg-1) based supercapacitor. The supercapacitor with PVA/H3PO4/[EMIM]BF4(50%) electrolyte showed
enhanced energy and power density of 54.3 Whkg-1 and 23.88 kWkg-1 respectively. Moreover the device showed
comparable specific capacitance retention after 3000 cycles of charge/discharge.

Introduction
Supercapacitors (SC), a kind of reversible electrochemical
energy storage system, also known as ultracapacitors or
electrochemical capacitors can be a charge/discharge type by
physical adsorption/desorption of ions from the electrolyte or
through redox reactions occurring at the surface of the
positive and negative electrode. Thus it can accumulate a
significant amount of energy in a moment and provide current
1-4
instantaneously
or
continuously.
Commercially,
supercapacitors based on carbon materials are in high demand
owing to their properties like being semi-permanent, ecofriendly, and having high power density compared to the
5-8
batteries.
Recently much research has been devoted to
improving the energy density of the supercapacitor, so it is
gradually replacing the battery in the field of energy storage
9-11
systems . Moreover, the interest in flexible SCs has grown
considerably in recent times for fabricating electronics that
have bendable displays and wearable electronics, which
12-14
require flexible electrodes, separator and electrolyte.
The SCs based on liquid electrolyte consist of a solid frame
with positive/negative electrodes and separator which is filled
with liquid electrolytes. These SCs have various practical
difficulties due to lack of physical flexibility, so it is hard to be
applied to various shapes of electronic devices, and the sturdy
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exterior surrounding material increases the weight of
15, 16
devices.
Moreover, the exterior structure if damaged could
result in electrolyte leakage that can cause corrosion of the
device and, in addition, organic solvent based liquid
electrolytes can even cause explosions. To overcome these
difficulties, research on polymer electrolytes has been widely
encouraged; since polymer electrolytes can reduce the risk of
leakage drastically because of their quasi-solid state form and
also afford promising properties like flexibility, elasticity, high
ionic conductivity, chemical/electrochemical stability and
17-19
affinity with the electrodes.
Moreover, polymer
electrolytes can function as a self-separator which can
effectively lower the internal resistivity of the cell caused by
15
the separator. The gel polymer electrolyte based on polyvinyl
20, 21
22
16
alcohol (PVA)
, polyvinyl pyrrolidone (PVP) , chitosan ,
23
poly(p-phenylene terephthalamide) (PFTA) , polyacrylonitrile
24
25
(PAN) , poly(vinyl chloride) (PVC) , polyvinylidene fluoride
26, 27
(PVdF)
etc. have been extensively studied and reported; as
-4
-3
-1
their conductivity ranges between 10 to 10 S cm under
ambient condition. Among these, common polyvinyl alcohol
(PVA) is widely used owing to their attractive properties such
as flexibility, elasticity, non-toxicity, biodegradability, and
chemical/thermal stabilities. PVA is a water soluble polymer,
so its hydrogel can form thin, uniform films as solid electrolyte
for SCs. Furthermore, the high dielectric constant, excellent
charge storage capacity and dopant-dependent electrical
properties make PVA a promising candidate in the
development of SCs.
In the recent past, various composites of PVA electrolytes have
28-30
been fabricated using a mixture of acid, base and salts
.
Even though they show comparable electrochemical

-1

performances, the low ionic conductivity (~10 mScm )
31
cumbers the wide practical applications . So recently, many
researchers have introduced a redox-mediated strategy for gel
polymer electrolytes for energy storage applications. The quick
reversible redox reaction induced by the redox mediator can
efficiently enhance the ionic conductivity and add
pseudocapacitance into the supercapacitor promoting the
32, 33
overall performance.
The redox additives such as p31,
34
35
benzenediol (hydroquinone)
, p-phenylenediamine ,
32, 36
20
37
38,
NaI/I2
, Potassium iodide (KI) , VOSO4 , indigo carmine
39
29, 40, 41
, ionic liquid
etc. were used with PVA/acid or base
electrolyte to enhance the supercapacitive performance of the
electrodes. In this work we introduced ionic liquid (IL) as a
redox mediator with PVA/H3PO4 gel polymer electrolyte; since
ILs have excellent thermal and electrochemical stability, nonvolatility, non-flammable, and a few ILs are in a liquid state at
room temperature. Furthermore, ILs has a wide working
voltage range and so the SCs can operate at a large potential
42-44
window with high energy density
.
Here we applied ionic liquid, 1-ethyl-3-methylimidazolium
tetrafluoroborate ([EMIM]BF4) as a redox mediator in
PVA/H3PO4 gel polymer electrolyte for AC/AC based
supercapacitors. The addition of [EMIM]BF4 in PVA/H3PO4
electrolyte shows an improvement in the ionic conductivity of
the electrolyte and specific capacitance value. Different weight
percentages of [EMIM]BF4 (0, 25, 50, 75, 100 wt.%) content
were substituted in PVA/H3PO4 electrolyte and the effect of
electrochemical properties were studied using cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD),
electrochemical
impedance
spectroscopy
(EIS).
The
appropriate percentage of [EMIM]BF4 in PVA/H3PO4 electrolyte
effectively enhanced the specific capacitance value of the SC
nearly up to 3 fold.

Experimental
Materials
For polymer electrolytes, poly(vinyl alcohol) (PVA) molecular
-1
weight of 130,000 g mol was purchased from Sigma-Aldrich
(USA), phosphoric acid (H3PO4, 85%) was obtained from Merck
and
1-ethyl-3-methylimidazolium
tetrafluoroborate
([EMIM]BF4, 98%) was purchased from Alfa-Aesar (Korea). For
2 -1
the electrode, the activated carbon (BET ~820 m g ) was
purchased from DAEJUNG Chemicals & Metals Co. Ltd (Korea),
carbon black, poly(vinylidene fluoride) (PVDF) and N-methyl-2pyrrolidone (NMP) were obtained from Alfa Aesar (Korea) and
nitric acid purchased from SAMCHUN Chemicals (Korea).
Synthesis of polymer electrolyte
0.5 g of PVA was dissolved in distilled water (5 mL) at 80 °C
under constant stirring for 2 h. After attaining clear PVA gel
solution, 25, 50, 75, 100 wt.% (with respect to the weight of
phosphoric acid) of [EMIM]BF4 was added to this PVA gel
solution and stirred for 2 h at the same temperature. Finally,
the phosphoric acid of 0.8 g (160 wt. %) was added to the
PVA/IL solution, stirred for few minutes and the temperature

was lowered to 50 °C and stirred overnight. The photograph of
as prepared gel polymer electrolytes and the dried
PVA/H3PO4/IL electrolyte film are shown in Fig. 1 (a) and (b).
Fabrication of activated carbon electrode and supercapacitor
As purchased activated carbon (AC) was functionalized in
45, 46
nitric acid to enhance the capacitive performance
. The
functionalization was carried out by mixing 1 g of activated
carbon in 100 mL of 1 M nitric acid solution and refluxed at 90
°C overnight. Then the acid treated AC was washed several
times using distilled water until it attained neutral pH and then
dried in vacuum at 100 °C overnight. The SC electrodes were
fabricated by mixing 70 wt.% of functionalized AC, 20 wt.% of
carbon black, 10 wt.% of PVDF and dispersed in NMP to
produce a homogeneous slurry and then it was coated onto a
2
stainless steel plate (1×1 cm ). Finally, the fabricated
electrodes were dried overnight at 50 °C in a vacuum oven.
The average mass of loaded activated carbon in each electrode
is ~1 mg. The photographic image of as fabricated electrodes is
shown in Fig. 1 (c).
For supercapacitor fabrication, two activated carbon
electrodes were dipped in the PVA electrolyte for 10 minutes
at 80 °C and dried on the hot plate at 40 °C for 1 h. After drying
excess water in the electrolyte, the consecutive electrodes
were sandwiched face-to-face and sealed using vacuum tape
to form a full cell. Finally, this supercapacitor was dried at 30
°C in a vacuum oven overnight. Fig. 1 (d) and (e) show the
photographs of the SC and cross-sectional optical microscopic
image of the fabricated SC.
Characterizations
The ionic conductivity of gel polymer PVA/H3PO4/IL
electrolytes was measured using conductivity meter (COND
3110, WTW Company, Germany). Moreover, the ionic
conductivities of dried polymer gel electrolytes were measured
by placing the polymer films in between two stainless steel
plates and testing the impedance using ZIVE SP2 workstation
(Korea) at room temperature (~25 °C). Ionic conductivity (σ,
-1
Scm ) was calculated as per the following equation:
σ = t/R 𝑏 × A
(1)
where, t (cm) is the thickness of the film between two stainless
2
steel plates, A (cm ) is the contact area of the electrolyte, R b
(ohm) is the bulk resistance obtained from the first intercept
on the x-axis of the impedance data in the complex plane.
Attenuated total reflectance - Fourier Transform Infrared
Spectroscopy (ATR-FTIR) measurements were analysed using
ATR-FTIR
spectrometer
(Smiths
Detection,
UK).
Electrochemical measurements such as cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD) tests were
performed at room temperature (~25 °C) by use of a ZIVE-SP2
(Korea) electrochemical workstation. The electrochemical
experiments were performed in full cell configuration for the
entire gel polymer electrolyte based SCs.
The specific capacitance (Csp) value was calculated from
charge/discharge curves, according to following equation:
𝐶𝑠𝑝 = I × dt/𝑑𝑉 × 𝑚
(2)

where, I (A) is the applied discharge current, m (g) is the total
mass of electrode materials on both electrodes, dt (s) is the
discharge time and dV (V) represents the potential window.
-1
-1
Energy density (E, Whkg ), power density (P, Wkg ) were
calculated from the equations given below:
E = 𝐶𝑠𝑝 × (𝑑𝑉)2 /2
(3)
𝑃 = E/d𝑡 × 3,600
(4)

positions, especially the skeletal and C-O stretching band of
-1
PVA from 835 to 841 cm
in the PVA/[EMIM]BF4(50%)
polymer indicating the stiffening of the polymer chain as a
consequence of the interaction by H bonding between OH
48
groups of PVA . The FTIR spectrum of normal and
functionalized activated carbon is shown in Fig. S1. The
resultant spectrum confirms the enhancement of carboxylic
functional groups in the functionalized activated carbon
compared with the as purchased activated carbon.

Fig. 2 (a) ATR-FTIR spectra of bare PVA, [EMIM]BF4 and PVA/[EMIM]BF4 (50%) polymer,
(b) Ionic conductivity of PVA/H3PO4/IL polymer electrolyte at various wt.% of
[EMIM]BF4.

Fig. 1 (a) Photograph of PVA/H3PO4/[EMIM]BF4 electrolytes, (b) PVA/H3PO4/[EMIM]BF4
electrolyte film; (c) activated carbon electrodes; (d) fabricated full cell SC and (e) optical
microscopic image of cross- section view.

Results and discussion
The
presence
of
various
functional
groups
of
PVA/[EMIM]BF4(50%) electrolyte was analysed using ATR-FTIR
spectrum. Fig. 2 (a) shows the FTIR spectra of bare PVA,
[EMIM]BF4 and PVA/[EMIM]BF4 gel polymer electrolyte. The
spectrum of bare PVA shows a wide absorption band between
-1
3550 and 3100 cm representing the stretching vibration of OH of the intermolecular and intramolecular hydrogen bonds.
-1
The band at 2942 and 2890 cm corresponds to the stretching
-1
band of C-H from alkyl groups. The peak at 1415 cm
represents the bending vibration of the C-H bond and the
-1
absorption peak at 1140, 1087 and 835 cm shows the
symmetric C-C stretching mode or stretching of the C-O
47-49
groups
. The resultant spectrum of [EMIM]BF4 shows the
-1
characteristic vibrations peaks at 3164 and 3121 cm that are
assigned to the aromatic C-H stretching vibrations. The peak at
-1
2985 and 1459 cm represents the ethyl and methyl
asymmetrical stretch and bending vibrations. The C=C stretch
-1
was observed at 1670 and 1574 cm respectively. The sharp
-1
peak at 1164 cm is assigned to the aromatic C-N vibration.
-1
-1
The strong peak at 1058 cm and short peak at 1285 cm is
assigned to the stretching vibration of BF present in the
-1
[EMIM]BF4. Moreover the peak at 763 cm corresponds to the
asymmetric stretching vibration of BF4 ions and the weak
-1
peaks around 763 to 890 cm are the out-of-planar wagging
50-52
vibrations of the rings
. In the case of the
PVA/[EMIM]BF4(50%) polymer, the spectrum shows the
incorporation of IL in the PVA matrix with few characteristic
-1
peaks of IL at 3159, 3116, 1570, 1169 and 1053 cm
respectively. The spectrum shows slight shift in the peak

Fig. 2(b) shows the variation of ionic conductivity of
PVA/H3PO4/IL gel polymer electrolyte with respect to various
weight percentages of [EMIM]BF4. The ionic conductivity of gel
polymer electrolyte increases with inclusion of [EMIM]BF4
-1
-1
from 27.3 mScm (PVA/H3PO4) to a maximum 39.3 mScm for
100 wt.% of [EMIM]BF4 addition. The improved ionic
conductivity is attributable to the plasticizing effect of the ionic
liquid. This effect can effectivity soften the polymer backbone,
enhance the flexibility of polymer chains and promote the
41, 44, 53
ionic transportation in the polymer matrix.
Generally,
the highly conducting polymer electrolyte has flexible polymer
chains and it can boost up the mobility of the charge carriers
to promote the ion dissociation in the polymer electrolytes.
Moreover, the ionic conductivity of the polymer electrolytes is
governed by the number of charge carriers, charge and
mobility of carriers. In the case of PVA/H3PO4/IL, more charge
+
carriers (imidazolium cation (EMIM ) and BF4 ions) were
induced in the polymer electrolyte in addition to the existing
+
H3O and H2PO4 ions of H3PO4. Apart from the plasticizing
effect, the incorporation of IL can effectively gain more charge
carriers than PVA/H3PO4 polymer electrolytes and shows
higher ionic conductivity.
The electrochemical properties of the as synthesized
PVA/H3PO4/[EMIM]BF4 polymer electrolytes were studied by
utilizing carbon/carbon based supercapacitors. Fig. 3(a) shows
the obtained cyclic voltammogram (CV) of supercapacitors
with PVA/H3PO4 and various weight percentages of IL
-1
substituted polymer electrolytes measured at 5 mVs scan
rate. The supercapacitor using pure PVA/ H3PO4 electrolyte
shows a typical rectangular shape CV curve; no peak due to
Faradaic reaction was observed and representing the curve of
an ideal electrical double layer capacitor.

Figure 3 (a) Cyclic voltammogram of PVA/H3PO4, 25, 50, 75 and 100 wt. % [EMIM]BF4
added PVA/H3PO4 polymer electrolyte based SCs at 5 mVs-1 scan rate; (b) CV curves of
SCs with PVA/H3PO4, PVA/[EMIM]BF4(50%) and PVA/ H3PO4/[EMIM]BF4(50%)
polymer electrolyte; (c) CV curves of PVA/H3PO4 electrolyte based supercapacitor for
various scan rates and (d) CV curves of PVA/[EMIM]BF4(50%) electrolyte based
supercapacitor for various scan rates.

But, when [EMIM]BF4 was added in PVA/H3PO4 electrolyte the
supercapacitors show a pronounced background current with
a distortion in the regular rectangular curve with a broad redox
31
peak. These peaks in the CV curve of PVA/H3PO4/[EMIM]BF4
polymer electrolyte may be attributed to the redox process
between the electrode/electrolyte interfaces owing to
insertion/extraction reaction of [EMIM]BF4 ions. To further
corroborate this redox process, an experiment was performed
with aqueous [EMIM]BF4 electrolyte in a three-electrode cell.
Fig. S2 shows the obtained CV curve that shows the oxidation
and reduction process involved in the IL electrolyte, which is
not exactly matched with the redox peak that was observed in
the PVA/H3PO4/[EMIM]BF4 polymer electrolyte based SCs.
Moreover, Fig. 3(b) shows the CV curves of supercapacitors
fabricated using PVA/H3PO4, PVA/[EMIM]BF4(50%) and
PVA/H3PO4/[EMIM]BF4(50%) electrolytes. The CV of the
supercapacitor based on PVA/H3PO4 electrolyte obviously
shows
a
regular
rectangular
shape,
but
the
PVA/[EMIM]BF4(50%) supercapacitor displays distorted curves
with redox peak confirming that pesudocapacitance occurred
due to the existence of IL content in the electrolyte.
Comparing the CV curves, the PVA/H3PO4/[EMIM]BF4(50%)
electrolytes
based
supercapacitor
shows
enhanced
background current compared with the other two
supercapacitors; with a broad redox peak. This was mainly
ascribed to the enhanced ionic conductivity of these
compositions with more charge carriers from both H3PO4 and
54
[EMIM]BF4. Further, to examine the occurrence of the
anomalous redox peak around 0.35 to 0.4 V, CV experiments
were performed for the normal (as purchased) activated
carbon and functionalized activated carbon in 1 M H2SO4
electrolyte in a three-electrode system (Fig S3). Obviously,

the functionalized AC shows a redox peak at ~0.4V
representing the faradaic reaction that occurred, due to the
presence of more oxygenated functional groups present in the
sample than the normal AC. The redox mechanism is mainly
associated with the carbonyl or quinone type group as:, >CxO +
+
−
H + e → >CxOH, where >CxOH represents a phenol - or
−
45, 55
hydroquinone type complex and e is an electron
. This
reaction should make a partial contribution to the faradaic
peak of the FCS electrode. Table S1 shows the calculated
specific capacitance of normal and functionalized AC based
electrodes representing the enhanced performance of the
functionalized AC electrode. Moreover, the CV experiment
was also implemented with PVA/H3PO4/[EMIM]BF4(50%)
polymer electrolyte in normal and functionalized AC electrode
in a two-electrode configuration (Fig S4a and S4b). Similarly
the functionalized AC based SC shows an enhanced redox peak
that originated from the oxygenated surface of the activated
carbon. But the peak was not observed in the pure PVA/H3PO4
electrolyte based SCs. Thus it is believed that the incorporation
of IL in the PVA/H3PO4 electrolyte effectively enhances the
redox reaction due to the presence of additional imidazolium
cations.
In Fig. 3(a) specific currents of the CV curves increase with
respect to the inclusion of IL content up to 50 wt. % of
[EMIM]BF4 and then tends to decrease beyond this limit. Even
though 75 and 100 wt. % of [EMIM]BF4 in PVA/H3PO4
electrolyte shows higher ionic conductivity, the overall
electrochemical performance declined; this may be due to
reduction of the pseudo-reaction and less affinity of
electrolyte towards the electrode surfaces. For more
understanding, a wettability test was performed and contact
angle was measured on the electrode using individual
electrolytes. Fig. S5 shows the obtained microscopic image of
the contact angle of electrolyte/electrode surface measured
after 5 min of experiment. Initially all the polymer gel
electrolytes show nearly the same contact angle above 70° and
after 5 min the angle decreased and attained a saturated level
with low contact angle of 29 and 38° for 25 and 50%
[EMIM]BF4 based electrolytes respectively. These confirmed
that 50% [EMIM]BF4 based electrolyte with comparable ionic
conductivity and improved wettability can increase the
accessibility of the specific surface area of the electrode and
56-58
enhance the supercapacitive performance
. Apart from
these, the excess amount of BF4 ions present in the electrolyte
can increase the viscosity of electrolyte and easily cross-link
with PVA; which restricts the flow of ions in the polymer
59-62
matrix
. This can be clearly observed in the electrolyte
prepared with above 50% [EMIM]BF4, Fig. S6 shows the
photograph of 75 and 100% [EMIM]BF4 based gel polymer
electrolytes, highlighting the formation of white precipitate
and, above this wt.% of [EMIM]BF4, the electrolyte tends to
completely curdle white, forming an opaque gel. From an
overall perspective, 50 weight % of [EMIM]BF4 in PVA/H3PO4
electrolyte can serve as an excellent redox mediated gel
polymer electrolyte for supercapacitors. The CV curves
obtained from the devices with PVA/H3PO4 and [EMIM]BF4
(50%)/PVA/H3PO4 at various scan rates are shown in Fig. 3(c)

and (d) respectively. The PVA/H3PO4 based SC shows nearly
rectangular shape for various scan rates with an increase in
current with respect to the increase in scan rate. But,
[EMIM]BF4(50%)/PVA/H3PO4 supercapacitor shows irregular
shape with large background current compared with the bare
PVA/H3PO4 based SC.

Fig. 5 (a) Ragone plot of supercapacitor based on polymer gel electrolytes; the inset
picture showing that three SCs in series can lighten up a blue LED (2.2 V, ~10-20 mA)
powered by 30 s charged SCs and (b) Cycling stability of the supercapacitor for 3000
cycles charging/discharging.

Fig. 4 (a) Galvanostatic charge/discharge curve of PVA/H3PO4 and
PVA/H3PO4/[EMIM]BF4 (25, 50, 75 and 100 wt. %) polymer gel electrolyte
supercapacitors and (b) Variation of specific capacitance of SCs with respect to various
discharge current densities.

The supercapacitive performances and specific capacitance
values of the SCs fabricated with different combinations of
polymer gel electrolytes were evaluated via galvanostatic
charge/discharge tests for various discharge current densities
-1
(0.5 - 10 Ag ) over the potential window 0 - 1.2 V.
Charge/discharge profiles of SCs based on PVA/H3PO4 and
PVA/H3PO4/[EMIM]BF4 (25, 50, 75 and 100 wt. %) polymer gel
-1
electrolyte at a constant discharge current density of 0.5 Ag
are shown in Fig. 4 (a). The curves for PVA/H3PO4 based SC
display nearly typical symmetrical triangular shape, revealing
that the capacitance originates from the electric double layer
at
the
AC/electrolyte
interfaces.
In
contrast
PVA/H3PO4/[EMIM]BF4 SC shows a slightly distorted triangle
31,
resembling the charge/discharge curves of pseudocapacitors
63
. This confirms that the overall enhancement of
electrochemical performance of SCs is due to the influence of
the redox mediator [EMIM]BF4 substituted in the PVA/H3PO4
gel polymer electrolyte. Similar to the CV curves the
PVA/H3PO4/[EMIM]BF4 (50%) SC shows a wider curve with
extended discharge time; indicating a better supercapacitive
performance from this combination. The specific capacitance
values calculated from the resultant curves are 103, 186, 271,
-1
229 and 187 Fg
for SCs based on PVA/H3PO4 and
PVA/H3PO4/[EMIM]BF4 (25, 50, 75 and 100 wt. %) electrolytes
respectively. These evidence that the addition of [EMIM]BF4 in
PVA/H3PO4 can effectively increase the specific capacitance of
the SCs to a larger extent due to the improved conductivity
and occurrence of additional redox reaction in the device. The
electrolyte with 50% of [EMIM]BF4 shows a maximum specific
-1
capacitance value (271 Fg ) revealing the optimized level of IL
incorporation in the electrolyte for better capacitive
performance of SCs.

Fig. 4 (b) depicts the variation of calculated specific
capacitance of SCs with respect to the various applied
discharge current densities. The SC with 50% of [EMIM]BF4 in
PVA/H3PO4 gel polymer electrolyte shows excellent specific
-1
capacitance values of 136 - 271 Fg for discharge current
-1
densities ranging from 10 to 0.5 Ag . At the same time the
-1
bare PVA/H3PO4 based SC shows 80 - 103 Fg specific
capacitance values; confirming nearly or higher than 2 fold
increment in the specific capacitance values due to the
addition of [EMIM]BF4 in PVA/H3PO4 gel polymer electrolyte.
Moreover, the drop in specific capacitance of the SCs with
increase in current densities is mainly due to the less
involvement of the active materials, since at high current
density the concentration of polarization at the
electrode/electrolyte interface and diffusion rate of ions to the
electrodes are not fast enough to meet the redox behavior,
which decrease the rate of the reaction as well as double layer
64
capacitance .
Fig. 5 (a) shows the Ragone plot (energy density vs. power
density) of fabricated SCs. The energy density of PVA/
-1
H3PO4/[EMIM]BF4 (50%) SCs increase from 27.2 Whkg to 54.3
-1
-1
Whkg while the power density decreases from 23.9 kWkg to
-1
1.2 kWkg . At the same time PVA/H3PO4 SCs shows lower
-1
-1
energy densities (16.2 Whkg to 20.7 Whkg ) with nearly the
-1
-1
same power densities (24.3 kWkg to 1.2 kWkg ). Similarly,
other combinations of PVA/ H3PO4/[EMIM]BF4 (25, 75 and
100%) also show higher energy densities ( 37.2, 45.9 and 37.5
-1
Whkg ) and nearly similar power densities compared with
bare PVA/H3PO4 SCs. Furthermore, the performance of
PVA/H3PO4/[EMIM]BF4 (50%) SC was verified by assembling
three SCs in series, charging for 30 s, and then successfully
powering a blue LED (2.2 V, 10-20 mA) of 5 mm diameter [inset
of Fig. 5(a)]. LEDs emitted very bright light after 2 min and
even glowed after 5 min, demonstrating the good power and
energy densities of the fabricated SCs.
The cyclic stability of PVA/H3PO4 and PVA/H3PO4/[EMIM]BF4
(25, 50, 75 and 100%) SCs were investigated by continuous
charge/discharge measurements over 3000 cycles [Figure 5(b)]
-1
at a constant current density of 5 Ag . The PVA/H3PO4 SC
showed good cycling stability with 96% retention of initial
specific capacitance values after 3000 cycles. But the stability
of [EMIM]BF4 added PVA/H3PO4 electrolyte based devices
decreases with respect to the increase in percentage of

[EMIM]BF4, showing ~ 85, 70, 50 and 15% specific capacitance
retention for 25, 50, 75 and 100% [EMIM]BF4 content
respectively, after 3000 cycles. The decrease in specific
capacitance with charge /discharge cycles is possibly mainly
due to the increase in aggregation of IL in the pores and
29, 44, 65
amorphous electroactive area of the electrode
. This can
effectively reduce the redox process of the electrolyte and
decrease the specific capacitance values. Moreover, the ionic
conductivity of the electrolytes drops drastically with aging of
the electrolyte. Fig. S7 shows the decay of ionic conductivity
for completely dried PVA/H3PO4 and PVA/H3PO4/[EMIM]BF4
(25, 50, 75 and 100%) based electrolytes. Thus excess amounts
of [EMIM]BF4 content in PVA/H3PO4 can effectively reduce the
ionic conductivity by restricting the flow of charge carriers due
to easy aggregation of IL in the polymer matrix (as represented
in Fig. S6).
The obtained Nyquist plots for PVA/H3PO4 and
PVA/H3PO4/[EMIM]BF4 supercapacitors are shown in Fig. 6(a),
inset of the figure shows the magnified image of the high
frequency portion of the plot. The plots behave in a similar
trend as those of a resistor at the high frequency region and as
66
a pure capacitor at the low frequency region . The resultant
plots were analysed using ZView software on the basis of the
electrical equivalent circuit shown in the inset of Fig. 6(a).
Broadly, the frequency range of the Nyquist plot is divided into
high, middle and low frequency regions. At the high frequency
region, the non-zero intersect of the semicircle is explained
based on the equivalent series resistance (Rs), it is the
combination of the internal resistance of the electrode
material, the interfacial resistance at the active material and
67, 68
substrate and the polymer electrolyte resistance
. The
obtained Rs values of 0, 25, 50, 75 and 100 wt.% [EMIM]BF4
added PVA/H3PO4 polymer electrolyte SCs are 2.55, 2.40, 2.64,
2.74 and 2.91 Ω respectively. This clearly reveals that there is
no significant change in Rs due to addition of [EMIM]BF4 in the
polymer electrolyte. The mid-frequency region of the plot
exhibits a single semicircle which indicates the electrochemical
charge transfer resistance (Rct) at the electrode and electrolyte
interface. It shows that Rct values increases with higher
content of [EMIM]BF4 in the PVA/H3PO4 polymer electrolyte
(0.29, 1.04, 3.14, 4.50 and 5.62 for 0, 25, 50, 75 and 100 wt. %
of [EMIM]BF4).The higher charge transfer resistance of
[EMIM]BF4 added electrolyte than the pure PVA/H3PO4
polymer electrolyte is mainly due to the involvement of the
redox reaction of [EMIM]BF4 during the electrochemical
process. Even though the SCs show large Rct values due to its
participation in the redox reaction, it can enhance the
capacitance, thus its contribution is considerable for practical
69
application . The spike at lower frequency of the plots
exhibits an angle between 45° to 90° relative to the real axis,
representing the diffusion control process of the electrode,
which was fitted with a Warburg element Z w. In the case of the
PVA/H3PO4 SC the low frequency spike is nearly parallel to the
imaginary axis representing the existence of dominated
68
electric double layer capacitance of the SC . On the other
hand, the spike deviated from the imaginary axis
(approximately 45°) with respect to increase in content of

[EMIM]BF4, demonstrating the development of additional
70
pseudocapacitive behaviour in the SCs . Due to the non-ideal
behavior of the plot, two constant phase element CPE dl and
CPEp were included in the circuit (for best fitted values)
representing the double layer and the pseudo-capacitance
involved in the fabricated SCs. From the fit the CPE p values of
SCs increases with [EMIM]BF4 addition (0.00193, 0.0123,
-1
0.0139, 0.0124 and 0.0121 Fcm for 0, 25, 50, 75 and 100 wt.%
of [EMIM]BF4 in PVA/H3PO4 SC) and shows maximum value for
50 wt.% [EMIM]BF4 added polymer electrolyte based SCs;
confirming the best electrochemical performance of this
electrolyte combination.

Fig. 6 (a) Nyquist plots for PVA/H3PO4 and PVA/H3PO4/[EMIM]BF4 supercapacitors
(inset shows the magnified portion of high frequency part of Nyquist plot and the
equivalent circuit of fit) and (b) the Bode plot for the PVA/H3PO4 and
PVA/H3PO4/[EMIM]BF4 supercapacitors.

In addition, Bode plots of PVA/H3PO4 and PVA/H3PO4
/[EMIM]BF4 SCs [Fig. 6(b)] indicated phase angles of SCs with
different electrolyte combination between -81° and -85° at a
frequency of 10 mHz, which is close to the 90° of an ideal
capacitor, coinciding with the general RC equivalent circuit for
70
supercapacitors . The slightly lower phase angle of the
PVA/H3PO4/[EMIM]BF4 based SCs are due to the contribution
of partial ideal capacitive behavior or the redox nature of the
71
electrolyte in the SCs . The PVA/H3PO4/[EMIM]BF4 based SCs
show a broad peak (φ) at low frequency region, which shifted
to high frequency region with respect to increase in wt.% of
[EMIM]BF4 in electrolyte. This represents an increase in
34, 72
diffusion resistance of ions into the electrode
. The large
shift of the peak to higher frequency of the SCs with 75 and
100 wt. % [EMIM]BF4 in the electrolyte may be due to the
agglomeration
of
excess
content
IL
in
the
electrolyte/electrolyte interface restricting the diffusion of
ions into the electrodes. This might be the reason for the
reduction of electrochemical performance of SCs with high wt.%
of [EMIM]BF4 in PVA/H3PO4 polymer electrolyte.

Conclusions
In summary, a novel redox-mediated gel polymer electrolyte
based on PVA/H3PO4/ionic liquid (1-ethyl-3-methylimidazolium
tetrafluoroborate, [EMIM]BF4) have been utilized for the
fabrication of functionalized activated carbon supercapacitors.
The incorporation of appropriate content of [EMIM]BF4
effectively increase the ionic conductivity, wettability and
overall electrochemical performance of the supercapacitor. The

electrochemical studies confirm that the induced redox reaction
caused by the incorporation of [EMIM]BF4 in PVA/H3PO4
polymer electrolyte is responsible for the overall enhancement
of specific capacitance of the fabricated SCs. The electrolyte
with 50 wt.% of [EMIM]BF4 in PVA/H3PO4 demonstrated a
-1
maximum specific capacitance value of 271 Fg and high
-1
energy density and power density of 54.3 Whkg and 23.9
-1
kWkg respectively, with relatively comparable cyclic stability.
Thus, the present work provides a promising prospect of
utilizing the ionic liquid [EMIM]BF4 as a redox mediator for gel
polymer based electrolyte for the fabrication
of high
performance
flexible
or
solid-state
electrochemical
supercapacitors.
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