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A B S T R A C T

With the increasing application of electronic materials in various fields such as flexible electronic textiles,
wearable and portable gadgets, aerospace and aircraft systems etc., the demand for clean high-power energy
storage devices is also increasing rapidly. To date, the application of market available supercapacitors has not
met the energy expectations in the range of market leading Li-ion batteries (LIBs) due to their unreliable me-
chanical flexibility, electrolyte leakage, low voltage application, low capacity, low cycle stability and moderate
rate-capability. Inappropriate utilization of the maximum porosity of the electrode material and inefficient ac-
tivities of the electrode/electrolyte interface are major challenges for present supercapacitor development. In this
work, for the first time, the role of polymer gel electrolyte infiltration to improve the electrochemical perfor-
mance of a supercapacitor has been explicitly studied and investigated. It has been observed that 1-Ethyl-3-
Methylimidazolium bis(trifluoromethylsulfonyl)imide [EMIM][TFSI] ionic liquid electrolyte embedded in
Polypropylene Carbonate (PPC) and Polycarbonate (PC) polymer matrix polymer gel electrolyte (PGE) showed
excellent supercapacitive performance at high voltage window 2.6 V by delivering maximum total capacitance of
5.81 F and maximum energy density 10.9 Wh kg-1 at 30 mA current (0.06 A g-1). Regular infiltration of the
polymer gel electrolyte inside the electrode material is also observed during long cycle operation of 10,000
cycles. Infiltration of electrolyte ions into the pores of electrode materials plays a significant role in increasing
capacitance and cycle Stability. These results highlight the potential of this novel high-voltage polymer gel
electrolyte for future high-power energy storage device applications.

1. Introduction

Rapidly increasing demand for energy, depletion of fossil fuels, en-
ergy crisis, development of smart portable electronic and high-
performance advanced vehicles has attracted a huge attention to
search for highly efficient, low cost, stable, and environmentally friendly
energy storage systems [1–3]. Nowadays, devices such as smartphones,
light-emitting diode (LED) indicators, various smart sensors and Internet
of Things (IoTs) systems play a significant role in human lives for
24-hour monitoring of health [4]. An uninterrupted power supply is
very important for operating such electronic devices. Among various
energy storage systems, electrochemical energy storage devices such as
batteries and supercapacitors are known as emerging technologies.
Typical batteries such as lithium ion batteries (LIBs), sodium-ion bat-
teries, etc. can provide high energy density by holding a large amount of
charge inside the electrodes and large voltage window [5–7]. However,
poor power density (< 300 W/kg), high chemical reactivity, higher

charging time (~ 1 h), lower life cycles (< 1500 cycles), high cost and
safety concerns motivate to find an alternative for high performance
energy storage devices. In this scenario, electrochemical capacitors,
more commonly known as supercapacitors, are promising to provide
higher capacitance (~ Farad), fast charge/discharge ability, high power
density (~10 kW kg-1) and long cycle life (~ 100,000 cycles). According
to the charge storage mechanism, supercapacitors can be classified in
two categories. In electric double-layer capacitors (EDLCs), electric
charges are stored inside the pores of the electrode surface at the elec-
trode/electrolyte interface by non-faradic electrostatic process [8].
Typically, high surface porous carbon-based materials such as activated
carbon, graphene, carbon aerogel and carbon nanotube (CNT) work as
EDLC’s electrode materials. Conversely, in pseudocapacitors charges are
stored in the electrode materials by Faradaic redox reactions and/or
intercalation of ions into the electrode materials. Numerous types of
transition metal oxides (TMOs) such as RuO2, MnO2, Fe2O3 and V2O5
and various conducting polymer such as polyaniline (PANI),
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polypyrrole, PEDOT-PSS and polythiophene are promising electrode
materials and can be used as pseudocapacitor [9,10]. Although TMOs
have been extensively investigated and they exhibited promising
supercapacitor performance on a laboratory scale, relatively low elec-
trical conductivity and self-discharge rate hinder their practical appli-
cations as supercapacitors. On the other hand, relatively lower energy
density of supercapacitors (< 10 Wh kg-1) still limit their widespread
applications. The specific capacitance and voltage window of a super-
capacitor play a significant role in the energy density of the super-
capacitor. According to the energy density formula (Em = ½ CspV2),
there are three possibilities for increasing energy density of a super-
capacitor. Increasing the specific capacitance (Csp), increasing the
voltage window (V), or increasing both can enhance the energy density
of a supercapacitor. Internal microstructures of electrode materials such
as nanowires, nanospheres, nanotubes and nanosheets having larger
specific surface area are directly related to materials chemical properties
and electrochemical reaction rate, which expressively enhance the
charge storage efficiency and specific capacitance [11].

The electrolyte is known as one of the vital components for super-
capacitor (SC) devices and controls the movement of oppositely charged
ions through a suitable solvent and causes ionic conductivity [12].
Electrolytes strongly influence the SC’s performance and electro-
chemical stability [13]. Increasing the cell voltage by enlarging the
potential window of an electrolyte has been shown to be a promising
approach for enhancing energy density of a SC. There are various types
of electrolytes such as liquid electrolytes, quasi-solid (gel electrolytes)
and solid electrolytes which have been using for supercapacitor research
in the last decades [14,15]. Liquid electrolytes are very useful for bat-
teries and supercapacitors research because of their easy transport of
ions between the two electrodes and their life cycle. However, leakage of
electrolytes, evaporation of electrolytes in long -cycles operation and/or
upon disclosure to ultraviolet radiations etc. make many problems for
liquid electrolytes. To overcome these problems, quasi-solid and solid
electrolytes have attracted attention in electrochemical energy storage
research [16,17].

Although, solid electrolytes usually showed relatively lower ionic
conductivity compared to that of liquid electrolytes, polymer electro-
lytes (PEs), consisting of polymer matrix-based solid and semi-solids,
can minimize the aforementioned problems. The conductivity of poly-
mer electrolytes can be improved by introducing various types of ionic
inorganic salts, ionic liquids (IL) and nanofillers [18,19]. In this work,
the infiltration of ionic liquid embedded in polymer matrix-based elec-
trolytes and its effects on the supercapacitor performance and cycle
stability have been extensively studied and reported. Detailed electro-
chemical analysis by means of cyclic voltammetry (CV), galvanostatic
charge discharge (GCD), electrochemical impedance spectroscopy (EIS)
and cyclic charge discharge (CCD) of a supercapacitor device has been
conducted and intensively investigated for the first time to measure the
effects of infiltration on the cyclic stability of a supercapacitor.

2. Experimental section

2.1. Materials

Activated carbon (AC) coated on both sides of aluminum (Al) foil
current collectors (thickness 20 µm) (Skeleton+, Tallin, Estonia) has
been used as supercapacitor electrodes (thickness 150 µm, mass loading
10 mg cm-2) [20]. 1-Ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide [EMIM][TFSI] (IoLiTec Liquid Technolo-
gies GmbH, Heilbronn, Germany), polypropylene carbonate (PPC)
(Sigma Aldrich, Taufkirchen, Germany, 94.5 %, Mn=50,000 g mol− 1,),
Propylene carbonates (PC) (MP Biomedicals, LLC, Mn=102.09 g mol− 1),
acetonitrile (ACN) (Sigma Aldrich, 99 %,), polymer separator (Celgard
3501–4000M-AS40 of pore diameter 64 nm, Gelgard LLC, Charlotte, NC,
USA) etc. have been used for this work. All chemicals used in this work
are analytical grade and have been used without any additional

treatment.

2.2. Synthesis of polymer gel electrolyte (PGE)

5.0 g of polypropylene carbonate (PPC) was first dissolved in 25 mL
of acetonitrile (ACN) under vigorous magnetic stirring of 800 rpm at 90
◦C for 30 min. After complete dissolution of the PPC, an equivalent
amount of [EMIM][TFSI] ionic liquid electrolyte was mixed with the
polymer matrix. 3.0 g of propylene carbonates (PC) were also added into
the solution as a plasticizer. To make a homogeneous polymer gel
electrolyte, the solution was stirred for around 40 min maintaining the
same temperature of 90 ◦C. Subsequently, the solution was cooled down
to room temperature for 2 h with continuous stirring and finally a
viscous [EMIM][TFSI]/PPC/PC polymer gel electrolyte is obtained. The
synthesis of this electrolyte is scalable and can be upscaled without
compromising performance by maintaining the same ratio of PPC, PC
polymer and [EMIM][TFSI] ionic liquid.

2.3. Fabrication of supercapacitor pouch cell

To fabricate a pouch cell solid-state symmetric supercapacitor (SSC)
device, two pieces of activated carbon (AC) coated electrodes of size 5
cm × 5 cm cut from an A4 size skeleton electrode and used as two
electrodes. The total active electrode materials mass loading of two
electrodes is 500 mg. First, two electrodes have been heated at 100 ◦C
for 30 min in a hot plate to remove the moisture from the surface of the
electrodes. A thin layer of as developed [EMIM][TFSI]/PPC/PC polymer
gel electrolyte (PGE) is coated on the top surface of two electrodes and
kept in a vacuum desiccator overnight. Then, two PGE-coated electrodes
have been sandwiched by placing a non-conductive polymer separator
[6] to prevent electrical charge between the electrodes (Fig. 1). This
fabricated SSC is then encapsulated inside a vacuum chamber to be used
for further electrochemical characterizations.

2.4. Electrochemical characterizations

The electrochemical energy storage performance of a fabricated
[EMIM][TFSI]/PPC/PC polymer gel electrolyte (PGE) based solid-state
symmetric supercapacitor (SSC) has been studied using a GAMRY
Reference 3000 (C3 Prozess-und Analysentechnik, GmbH, Haar near
Munich, Germany) multi-channel high-performance potentiostat at
room temperature by measuring Cyclic Voltammetry (CV), Galvano-
static charge–discharge (GCD), Electrochemical Impedance Spectros-
copy (EIS) and cyclic charge discharge (CCD). Various electrochemical
energy storage parameters such as total capacitance (CT; F), specific
capacitance (Csp; Fg-1), energy density (Em; W h kg-1) and power density

Fig. 1. [EMIM][TFSI]/PPC/PC polymer gel electrolyte-based pouch cell
supercapacitor (5 cm × 5 cm).
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(Pm; W kg-1) , respectively of the pouch cell supercapacitor have been
calculated using Eqs. (1)–(4);

CT =
I × Δt

ΔV
(1)

Csp =
CT

m
(2)

Em =
1

2 × 3.6
× Csp × ΔV2 (3)

Pm =
3600 × Em

Δt
(4)

where I is the charge-discharge current (A), Δt is the discharge time (s),
ΔV is the voltage window and m is the total active electrode mass of two
electrodes [2,21].

3. Results and discussions

To get information about the maximum electrochemically-stable
operational voltage window of a supercapacitor, the cyclic voltamme-
try (CV) measurement at a fixed scan rate of 80 mVs-1 has been carried
out at various voltage windows (0–1.8 V, 0–2.0 V, 0–2.2 V, 0–2.4 V,
0–2.6 V and 0–2.8 V). The nature of all CV curves (Fig. 2a) is similar and
quasi-rectangular indicating that this PGE based pouch cell super-
capacitor can be expected to operate safely in 0 to 2.8 V voltage window
without significant degradation. The quasi-rectangular nature of CV
curves with absence of any redox peaks also specifies the non-faradic
electric double layer (EDL) charge storage properties of this SC device
with a developed [EMIM][TFSI]/PPC/PC polymer gel electrolyte (PGE).
There is no sharp increase of current due to unwanted gas evolution such
as O2 or H2 observed at the edges of the higher working voltage, which
also implies the electrochemical stability of the [EMIM][TFSI]/PPC/PC
electrolyte as well as SC device [22,23]. In this work, 0 to 2.6 V voltage
window for this SSC has been chosen for further electrochemical studies
and details analysis. The CV curves (Fig. 2b) measured at different
applied scan rates from 5 mVs-1 to 100 mVs-1 showing a similar
quasi-rectangular nature without any distortion. Absence of any redox
peaks and presence of quasi-rectangular nature in every CV curve from
lower scan rate to higher scan rate clearly indicates EDLC charge storage
mechanism and fast charge-discharge capability for this SC. In general,
the total amount of charge stored in the device or specific capacitance of
the SC device can be calculated from the area covered inside the CV
curve at a fixed scan rate using Eq. (5) as follow.

Csp (Fg − 1) =
∫ Vc
Va

i (V) dV
2 ×m × ϑ × (Vc − Va)

(5)

where υ represents scan rate (V s-1) and (Vc – Va) = ΔV is the voltage
window [24].

Fig. 2b shows that the CV current increased with increase of scan rate
from 5 mVs-1 to 100 mV s-1. The increase of CV current with an
increasing scan rate and fixed voltage can be described by the movement
of electrolyte ions towards oppositely charged electrodes. In general, at
a lower scan rate, two ion EMIM+ and TFSI- get a sufficient amount of
time to access the entire outer and inner surface (including the pores) of
the electrode materials. Because of this, a large amount of charge can
infiltrate the pores and occupy amaximum number of pores, which leads
to high capacitance values at lower scan rates [25]. However, as the scan
rate increases to the upper-end of the range, the charge mobility per unit
time increases. This means that the number of positive and negative ions
from the electrolytes move very fast toward the electrode surface but are
not given enough time to occupy the pores. Therefore, charges can only
accumulate on the surface of the electrode materials at the electro-
de/electrolyte interface and capacitance value becomes lower [26].

The galvanostatic charge-discharge (GCD) curves (Fig. 3a) measured
at various applied currents (30 mA, 50 mA, 70 mA, 100mA, 130 mA and
150 mA) in a fixed voltage window (0 to 2.6 V) similar to CV (Fig. 2b)
shows typical non-faradic EDLC behavior of charge storage process for
this [EMIM][TFSI]/PPC/PC electrolyte-based SSC. The symmetric
charge-discharge nature or almost ideal triangular shape of the GCD
curves implies promising capacitive properties and good capacitive
retention [27]. A very small IR drop observed at the beginning of the
discharge curve (Fig. 3a) reveals very low electrochemical series resis-
tance or contact resistance (Rs) due to the contribution of conductive
polymer gel electrolyte. The GCD curves in Fig. 3a also shows that the
discharge time decreases with increasing current from 30mA to 150mA,
which can be explained similarly to charge mobility per unit time like
CV current in Fig. 2b. As capacitance value of a device is proportional to
the discharge time, the total capacitance and various energy storage
parameters such as specific capacitance (F g-1), energy density (W h kg-1)
and power density (W kg-1), respectively have been calculated from GCD
curves (Fig. 3a) using Eqs. (1)–(4) and represented in Table 1. It has been
observed that this SSC offered maximum total capacitance of 5.81 F at
30 mA (0.06 A g-1) and capacitance value decreased with increase of
discharge current (Fig. 3b). The decrease in capacitance with increasing
discharge current is mostly due to the decrease in the ability of the
electrolyte ions to infiltrate the pores of the electrode. This SSC also
deliveredmaximum energy density of 10.9Wh kg-1 at 30mA (0.06 A g-1)
which is based on our knowledge relatively higher compared to current
market available supercapacitor devices. The Ragone plot (Fig. 3c) also

Fig. 2. Cycle voltammetry (CV) curves at (a) different voltage windows and (b) different scan rate of this pouch cell supercapacitor.
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shows the variation of specific power density and specific energy density
for these pouch cell supercapacitors. It reveals that the SC delivers its
maximum specific energy density (10.9 Wh kg-1) at its lowest power
density (78W kg-1). The opposite effect is also shown because the lowest
energy density (7.2 Wh kg-1) occurs at the highest power density (390 W
kg-1).

To investigate the life cycles and stability of the [EMIM][TFSI]/PPC/
PC electrolyte-based pouch cell symmetric supercapacitor, the cyclic
charge-discharge (CCD) has been tested for 10,000 cycles at a constant
current of 30 mA (0.06 A g-1) at the fixed voltage of 2.6 V. Some
interesting charge- discharge behaviors have been observed during this
CCD measurement, and this SSC takes almost 30 days to finish 10,000
cycles. It has been observed that the total charge-discharge time (CDT)
starts to gradually increase up to 160th cycles and the capacitance value
also increased almost 6 times that of first cycle (Fig. 4). Then, CDT
gradually decreases with an increase in the number of cycles, but an
increase and decrease in total CDT can be observed regularly with an
increase in the number of cycles. The initial increase in charge discharge
time and capacitance value is due to the normal electrochemical acti-
vation of the electrode materials as well as the electrolyte ions from

polymer gel electrolyte occupying free space inside the pores [28,29].
The synergistic effect between IL and polymer matrix also plays a sig-
nificant role in the initial increase of the capacitance values of the
supercapacitors [18,30,31]. For this SSC, the maximum discharge time
was reached at around the 160th cycle. Following this peak, the
discharge time decreased; this may have been due to a decrease in un-
occupied pores on the electrode surface at the interface. Additionally, it
is a possibility that repulsive forces from already occupied ions repelled
ions from the electrolytes [31–33]. The increase and decrease in CDT as
a result of the increase in the number of cycles (3k to 4k, 7k to 8k and 9k
to 10k, respectively) (Fig. 4 inset) is mainly due to the continuous
infiltration effect of the [EMIM][TFSI]/PPC/PC polymer electrolyte in-
side the layer of electrode materials. Infiltration of polymer electrolyte

Fig. 3. (a) GCD curves at different current, (b) capacitance (F) vs current (mA) plots and (c) Ragone plot for this pouch cell supercapacitor.

Table 1
Values of various charge storage parameters calculated from GCD curves in
Fig. 3a.

Current
(mA)

Current
density
(A g-1)

Total
Capacitance
(F)

Specific
capacitance
(F g-1)

Energy
density
(Wh kg-1)

Power
density
(W kg-1)

30 0.06 5.81 11.6 10.9 78
50 0.10 5.40 10.8 10.1 130
70 0.14 4.90 9.8 9.2 182
100 0.20 4.52 9.1 8.5 260
130 0.26 4.12 8.2 7.7 338
150 0.30 3.84 7.6 7.2 390

Fig. 4. Capacitance retention vs cycle number and CCD plots (inset) of this
pouch cell supercapacitor.
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significantly enhance the supercapacitive performance the pouch cell
and enhance its lifetime [34,35]. This pouch cell supercapacitor
exhibited good electrochemical stability over 10,000 cycles which is
explained from EIS studies.

To get detailed information about the charge storage performance of
this SC, the electrochemical impedance has been measured at different
times during the experiment; the impedance is measured at the begin-
ning of the experiment, after CV measurement and after CCD measure-
ment. A frequency range of 100 kHz to 0.01 Hz, an AC perturbation
amplitude of 10 mV and a DC potential of 0 V are used to accomplish
this. All EIS curves (Fig. 5a) show two distinct regions such as a
depressed semicircle at the high frequency (100 kHz) corresponding to
the charge transfer resistance (Rct) and a straight line almost parallel to
the Y-axis in the very low frequency region (0.01 Hz) corresponding to
the ion diffusion control Warburg impedance (W0). The intersection of
the X-axis provides the information about electrochemical series resis-
tance (Rs), corresponding to the electrolyte resistance and contact
resistance at electrode/current collector interface [36]. The EIS nature
(Fig. 5a) of this pouch cell shows very low overall cell impedance (< 5
Ω) and contact resistance (Rs~ 0.3 Ω), which is very important for
supercapacitor device fabrication for real application. It has been
observed that total impedance is highest at the beginning of experiment
(black line) and decreases after CV measurements (red line). The
decrease of impedance is mainly due to the infiltration of the polymer
gel electrolyte within the electrode materials enhancing the conductiv-
ity as well as capacity of the SC device. The electrochemical series
resistance (Rs) and charge transfer resistance (Rct) also decreased
(Fig. 5b) as the time of device operations (CV, GCD etc.) increased which
strongly confirmed that the infiltration of polymer gel electrolyte played
a significant role for enhancement of capacitance and cycle stability for a
supercapacitor. In this [EMIM][TFSI]/PPC/PC polymer electrolyte the
polypropylene carbonate (PPC) polymer matrix provides a cross-linked
spatial network structure to offer a secondary skeleton to the Propyl-
ene carbonates (PC) plasticizer to be filled in the structural gap. Addition
of this PC plasticizer in the PPC polymer matrix also improved the
conductivity and flexibility of the [EMIM][TFSI]/PPC/PC polymer gel
electrolyte preventing the leakage of the electrolyte during long cycle
operation. A small distortion and impedance increase are observed after
the CCD test which may be due to poor electrical contact at the elec-
trode/electrolyte interface during CCD measurement due to the forma-
tion of some air gaps from low vacuum packaging of the pouch cell,
resulting in higher Rs. However, the overall EIS studies show that this
[EMIM][TFSI]/PPC/PC polymer gel electrolyte perform very good and
it is useful for high-power energy storage device applications.

The phase angle vs. frequency plot, known as Bode plot (Fig. 6a)
measured at different operation time for this pouch cell supercapacitor
shows that the phase angle approach towards 90◦ at low frequency of

0.01 Hz for each time such as beginning of experiment, after CV mea-
surement and after CCD measurement. For an ideal capacitor, the phase
angle approaches 90◦ at low frequency, which also confirms that this
[EMIM][TFSI]/PPC/PC polymer gel electrolyte-based supercapacitors
maintains almost ideal EDLC behavior without any degradation or
distortion of the phase angle curves. It has also been observed that
maximum capacitance value comes from non-faradic surface-controlled
double-layer charge accumulation contribution without any electro-
chemical degradation of [EMIM][TFSI] ionic liquid embedded polymer
gel electrolyte in high voltage operation and enhancing the cycle sta-
bility as well.

In order to investigate the possibility of use of this pouch cell
supercapacitor stored energy, a hand-on demonstration has been per-
formed using a laboratory made propeller. It has been observed that the
propeller run (Fig. 6b) for >20 min after charging the pouch cell
supercapacitor for 60 second. This demonstration indicates the potential
use of these high voltage (>2.6 V) [EMIM][TFSI]/PPC/PC polymer gel
electrolyte-based supercapacitors in future structure integrated various
aerospace applications.

4. Conclusion

In conclusion, a new type of [EMIM][TFSI] /PPC /PC polymer gel
electrolyte has been successfully developed using [EMIM][TFSI] ionic
liquid as active electrolyte embedded in PPC and PC polymer matrix in a
suitable proportion. High voltage supercapacitive performance of this
polymer gel electrolyte has been intensively investigated by fabricating
a 5 cm × 5 cm pouch cell with activated carbon-based standard elec-
trode. This symmetric pouch cell supercapacitor offers a maximum
capacitance of 5.81 F and energy density of 10.9 Wh kg-1 at high voltage
window of 2.6 V. Based on the knowledge reported here, the role of
polymer gel electrolyte infiltration for the enhancement of capacitance
and cycle stability of a supercapacitor. Also confirmed by EIS studies, an
increase and decrease in total charge discharge time on a regular basis
with increase in cycle number has been observed due to the continuous
infiltration effect of [EMIM][TFSI] /PPC /PC polymer gel electrolyte
within the electrode materials. This pouch cell shows promising long
cycle performance over 10,000 cycles at a high voltage of 2.6 V. The
overall electrochemical studies confirm that this new [EMIM][TFSI]
/PPC /PC polymer gel electrolyte possesses a potential to be used for
peak energy storage for aerospace, aircraft and various domestic appli-
cations as well. We expect that the present work will provide readers and
researchers with new information and open new doors in polymer
electrolyte based electrochemical energy storage research of super-
capacitor and batteries.

Fig. 5. (a) complete EIS curves and (b) EIS curves at high frequency region of this pouch cell supercapacitor.
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