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Highly efficient supercapacitor
using single-walled carbon nanotube
electrodes and ionic liquid incorporated
solid gel electrolyte

Shirin Siyahjani1, Saliha Oner1,2, Pramod K Singh1,3

and Canan Varlikli1,4

Abstract
Gel polymer electrolyte (GPE) comprising a low viscosity ionic liquid, that is, 1-propyl-3-methyl imidazolium bis(tri-
fluoromethyl sulfonyl)imide (PMI-TFSI, viscosity 38 cP at 20�C) and a polymer, that is, polyvinyl alcohol (PVA) have been
prepared using solution cast technique and characterized by impedance spectroscopy, X-ray diffraction, differential
scanning calorimetry, optical microscopy, and Fourier transform infrared spectroscopy. Blending PMI-TFSI with PVA
matrix hindered the crystallinity of polymer matrix and presented remarkable enhancement in electrical conductivity with
a conductivity maxima at 250 wt% PMI-TFSI. The prepared electric double-layer capacitor using single-walled carbon
nanotube as symmetric electrodes and PVA:250 wt% PMI-TFSI as GPE presented a capacitance value of about 28 F g�1.
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Introduction

Fuel cells, batteries, and supercapacitors are typical non-

conventional energy devices based on the principle of elec-

trochemical energy conversion. These devices convert the

chemical energy into electrical energy by means of electro-

chemical reactions.1–3 Supercapacitors or electrochemical

supercapacitors (ESs) are energy storage devices that com-

bine the high energy storage capability of batteries with the

high power delivery capability of the capacitors. These

capacitors can be used as power backup in a wide range

of applications such as hybrid electric vehicles (HEVs),

portable electronics, medical electronics, and military

devices.4–7 Depending on the charge storage mechanism,

ESs can be classified into three categories: (i) electric

double-layer capacitors (EDLCs), where the capacitance

is produced by the electrostatic charge separation at the

interface between the electrode and the electrolyte;

(ii) pseudocapacitors, which rely on fast and reversible

faradaic redox reactions to store the charges; and

(iii) hybrid ESs, which refer to the ones using both the

EDLC and faradic mechanisms to store charges. In this

article, we focus our attention toward EDLC using gel

polymer electrolyte (GPE). An EDLC comprises a structure

where electrolyte is sandwiched between symmetric or

unsymmetric electrodes. The maximum energy (Emax) and

power (Pmax) of EDLC is strongly dependent on both elec-

trode and electrolyte materials. Porous carbon materials

such as activated carbon, porous carbon, carbide-derived

carbon, carbon aerogels, onion-like carbon, carbon nano-

tubes (CNTs), carbon shell graphene, and graphene quan-

tum dots are playing a significant role in developing

efficient EDLC.8–13 As an active material, CNTs,
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especially the single-walled carbon nanotube (SWCNT),

has excellent properties such as high surface area, high

conductivity, regular pore structures, high flexibility, and

electrochemical stability.14,15 The current employed elec-

trolytes in commercial EDLC include aqueous and organic

electrolytes. However, due to narrow electrochemical win-

dows of these electrolytes, it is not possible to obtain high

energy and power density.16 For EDLCs, ionic liquids (ILs)

or room-temperature molten salts consisting of organic

cation (and anion) are considered as novel alternative elec-

trolyte materials. ILs are solvent-free electrolytes with

many suitable properties that make them attractive for elec-

trochemical energy storage such as high chemical and

thermal stability, negligible vapor pressure, broad electro-

chemical stability potential window and an immense para-

meter space in terms of ion selection and resulting

properties. Imidazolium-based salts are the most popular

ILs and several salts with the 1-ethyl-3-methyl-

imidazolium cation (EMI), which displays a cathodic sta-

bility of �1.8 V versus NHE, and with such anions as BF4,

PF6, (CF3SO2)2 N, CF3SO3, which in turn divergently

affect the limit of the anodic window, the melting point

and hence the conductivity of the ILs were developed.17–20

Polymer electrolytes are widely used in many applica-

tions such as solid-state batteries, supercapacitors, and dis-

play devices. They have many advantages over liquid

electrolytes because of the low cost, flexibility, light-

weight, mechanical stability, durability, and corrosion-

free properties. Many good polymer electrolytes had been

developed before the advent of IL using polar polymers

such as poly (propylene oxide) (PPO), poly (ethylene

oxide) (PEO), poly (vinylidene fluoride) (PVDF), poly

(vinylidene fluoride-co-hexafluoropropylene) PVDF-

HFP.1,21–23 However, the studies based on polyvinyl alco-

hol (PVA) are insufficient. Hydroxyl groups on PVA assist

in the formation of polymer electrolyte. Ion formation

occurs due to the dissociation of salt/acid added to the

polymer and conduction takes place in the polymer.24 Con-

ductivity level of PVA polymer electrolyte is too low at

room temperature, which limits its practical applications.

In order to increase the ionic conductivity, some plastici-

zers can be added. However, they degrade the mechanical

stability of the polymer electrolyte film. It has been ana-

lyzed that the addition of IL to the polymer electrolyte, that

is, ionic liquid-incorporated gel polymer electrolytes

(ILGPEs) serves as a solid plasticizer and improves the

mechanical stability as well as electrical conductivity.25

ILGPEs are proposed as substitutes for liquid electro-

lytes in EDLC due to their many advantageous properties

such as high electrical conductivity, wide electrochemical

window, low risk of leakage, and formation of proper elec-

trode electrolyte contact. ILGPEs containing polymers

such as PVDF-HFP, polymethylmetacrylate (PMMA),

polyacrylonitrile (PAN), and many ILs (mostly based on

imidazolium-based cation) have been used in EDLC so

far.26–29 However, studies on EDLC comprising PVA-

based ILGPE are limited. Arof and coworkers30 have

reported an efficient EDLC comprising PVA/ammonium

acetate (CH3COONH4)/1-butyl 3-methylimidazolium

chloride (BmImCl) IL.

In this article, we have successfully fabricated an EDLC

comprising PVA and PMI-TFSIILGPE films and SWCNT-

based active symmetric electrodes. The ILGPE films were

characterized by electrochemical impedance spectroscopy

(EIS), X-ray diffraction (XRD), differential scanning

calorimetry (DSC), optical microscopy (OM), and Fourier

transform infrared (FTIR) spectroscopy. The performance

characteristic of EDLC was evaluated using EIS and cyclic

voltammetry (CV).

Experimental details

Preparation of GPE and EDLC electrodes

PVA (average molecular weight (MW) is about 250,000

g/mol), PVDF-HFP (average MW is about 400,000 g/mol)

and solvents were obtained from Sigma Aldrich (St. Louis,

Missouri, USA). A solution-cast method was adopted to

prepare the GPE film. The polymer PVA was dissolved

in distilled water (DI), and the IL PMI-TFSI was mixed

with the PVA/DI solution. The mixture was stirred magne-

tically overnight, after which it was poured in glass petri

dishes, and the DI was allowed to evaporate slowly. Such

films of different compositions of PMI-TFSI (PVA:x wt%
PMI-TFSI, where x ¼ 0, 40, 80, 120, 170, 250, 300) were

prepared and characterized. Finally, semitransparent free-

standing flexible GPE films were obtained and characterized.

SWCNT was purchased from Cheap Tubes Inc. (Graf-

ton, VT, USA). To prepare the electrodes, the SWCNT

powder and PVDF-HFP (as a binder) in the ratio of 70:30

(w/w) were slowly grinded (about 30 min) in a mortar and

pestle with acetone to form a homogeneous paste. This

paste was finally coated on flexible high-density graphite

sheets (250 mm thick, Nickunj Eximp Enterprises, Mumbai,

Maharashtra, India). These electrodes were left overnight at

room temperature before using them as EDLC electrodes.

Fabrication of EDLC cell

In order to construct a symmetrical EDLC, the ILGPE

(maximum conductivity composition) was coated on the

electrodes. Two such electrode/electrolyte systems were

stacked over each other and pressed gently such that ILGPE

is sandwiched between the two SWCNT electrodes. The

final fabricated EDLC was loaded in a sample holder for

electrochemical measurements.

Instrumentation

The electrochemical performances of the GPE films were

tested by measuring the ionic conductivity. The ionic
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conductivity was evaluated by EIS with a frequency range

between 100 Hz and 100 kHz. The impedance spectra of

GPE films were recorded by sandwiching them between

two stainless steel electrodes using a CH Instrument CHI

660B (Bee Cave, Texas, USA). The specific capacitance,

CV, and galvano charge–discharge characteristics of

EDLC were carried out using the same instrument.

XRD patterns of pure and GPE films were recorded with

a Rigaku Ultima IV multipurpose X-ray diffractometer

(Tokyo, Japan) using copper K� radiation in the Bragg

angle (2�) range from 10� to 80� at a scan rate of 2� min�1.

The FTIR studies of the prepared GPE films of different

compositions were carried out using a Perkin Elmer FTIR

(Spectrum BX; Waltham, Massachusetts, USA) with the

attenuated total reflectance apparatus in the range of

4000–400 cm�1 wave numbers.

DSC measurement of pure and GPE films were recorded

using a Perkin Elmer Pyris 6 DSC instrument at a heating

rate of 10�C min�1 under nitrogen environment, while

OMs were taken using Olympus CX31 optic microscope,

Pennsylvania USA.

Results and discussion

Ionic conductivity analysis

The ionic conductivity of pure and ILGPE films at room

temperature were evaluated using electrochemical impe-

dance spectroscopy with the following formula,

� ¼ G
l

A

where � is the conductivity, G is the conductance of the

sample, l is the thickness of the sample, and A is the area of

sample in contact. The evaluated ionic conductivity values

with varying IL concentrations are shown in Figure 1. It

was clear that the ionic conductivity of the pure PVA was

very poor (1.19 � 10�9 S cm�1). The conductivity of PVA

increases considerably with the increasing amount of IL,

attains maxima at 250 wt% of IL concentration (7.72 �
10�6 S cm�1), and then decreases. Such types of conduc-

tivity behavior are reported in the literature with insulating

polymers such as PEO and PVDF-HFP.25,31,32 The conduc-

tivity in case of ionic materials is governed by the equation.

� ¼ n � q � m
where n is the number of charge carriers, q is the coulomb

charge, and m is the mobility of ions. It was depicted that

with increasing IL concentration, the numbers of ionic

charge carriers (n) also increase, because IL is solely com-

posed only of ions (imidazolium cations and TFSI anions in

the present case), which leads to overall increase in the

conductivity.25,31,32

Structural and morphological analyses

To check the change in the morphology of the GPE films by

adding IL into PVA polymer matrix, we have recorded the

XRD patterns of pure as well as ILGPE films having max-

imum conductivity. Figure 2 shows the recorded XRD pat-

terns of pure PVA and PVA:250 wt% IL GPE films. Pure

PVA shows well-known semicrystalline peak at 2� ¼ 20�

and 40.7�. It was clearly observed that by doping IL into the

polymer matrix (PVA), the peak intensity goes down, which

is a clear indication of a decrease in the crystallinity of the

PVA film and, consequently, the increase in the amorphicity.

It is in the literature that amorphous matrix is a conductivity-

rich region,33 and hence, our conductivity increases with IL

doping, showing good agreement with our conductivity data.

The crystallinity of the host polymer (PVA) and ILGPE

films were further examined by DSC using a TA instrument

MDSC 2910 at a heating rate of 10�C min�1. The sample

weights were maintained in the range of 3–4 mg, and all the

experiments were performed under nitrogen flow. Figure 3

shows the DSC curves obtained for pure PVA as well as

PVA:250 wt% ILGPE films, and the evaluated parameters
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Figure 1. Ionic conductivity versus composition plot in PVA and
PVA:x wt% IL (x ¼ 0, 40, 80, 120, 170, 250, 300) GPE films. PVA:
polyvinyl alcohol; GPE: gel polymer electrolyte.
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Figure 2. XRD pattern of PVA and PVA:250 wt% GPE films.
XRD: X-ray diffraction; PVA: polyvinyl alcohol; GPE: gel polymer
electrolyte.
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are given in Table 1. Pure PVA shows the heat of fusion

(�Hf) and melting peak temperature (Tm) at 76.93 J g�1

and 218.08�C, respectively. With the addition of IL, both

�Hf and Tm values decreased (Table 1). It has also been

observed that the melting endotherm was broadened after

the incorporation of the IL (Figure 3). The relative percent-

age of crystallinity (�) has been calculated using the formula

� ¼ �Hf/�Hf0, assuming �Hf0 of 100% crystalline PVA

film to be 138.60J g�1.34 The calculated values of � and Tm

are listed in Table 1. The reduced Tm, crystallinity, and the

broadening of the melting endotherm supported our findings,

which we have already discussed in the XRD section.

To further confirm our observation (reduction in crys-

tallinity by IL doping), we have taken the optical micro-

graphs of pure polymer (PVA) and ILGPE films using

optical microscope (Olympus CX31). The obtained photo-

graphs are shown in Figure 4. It was observed that pure

PVA film (Figure 4(a)) shows plane surface morphology.

Adding IL into the polymer matrix shows the appearance

of amorphous patches (black portion in spherulites). The

amorphous region within the polymer matrix is already

known as conductivity-rich regions, and hence, our micro-

scopic study shows good agreement with our XRD and

DSC measurements.

IR spectroscopy is an important technique for the inves-

tigation of polymer structure, as it provides information

about the complexation and interactions between the vari-

ous constituents in the polymer electrolyte. Figure 5 shows

the recorded FTIR spectra of pure PVA film, IL, and

ILGPE comprising 250 wt% IL (maximum conductivity

film). Pure PVA film shows prominent peaks at 3283,

2932, 1717, 1426, 1347 cm�1 (Figure 5(a)) corresponding

to O–H stretching, C–H stretching, C¼O stretching, C–H

bending and stretching, respectively, while the peaks

appear at lower wave numbers, that is, 1132, 1053, 846,

661 cm�1assigned to CO bonding, C¼O stretching, C–C

stretching, and OH bending, respectively. For IL, the peaks

appear at 3159, 2982, 1569, 1350 cm�1 corresponding to

the C-aromatic carbon, CH stretching, CH3 (N) stretching,

and antisymmetric SO2 stretching. The bonds appear at

lower wave numbers such as 1197, 1143, 1057, 740, 614

cm�1 corresponding to cis-TFSI þ trans-TFSI (Figure

5(c)). A closed comparison of Figure 5 (a) to (c) revealed

that the GPE films doped with IL (Figure 5(b)) do not show

any new peak other than pure PVA or IL host, which

affirms that polymer doped with IL has not chemically
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Figure 3. DSC curves of (a) pure PVA and (b) PVA:250 wt%
ILGPE films. DSC: differential scanning calorimetry; PVA: polyvinyl
alcohol; ILGPE: ionic liquid-incorporated gel polymer electrolytes.

Table 1. Calculated values of � along with Tm and corresponding
�Hf data of pure PVA and PVA:250 wt% ILGPE films.

System Tm (�C) �Hf (J g�1) � (%)

Pure PVA 218.08 76.93 55.50
PVA þ 250 wt% IL 212.86 39.34 28.38

�: percentage crystallinity; Tm: melting temperature; �Hf: heat of fusion;
PVA: polyvinyl alcohol; IL: ionic liquid; ILGPE: ionic liquid-incorporated gel
polymer electrolytes.

Figure 4. Optical micrographs of (a) pure PVA and (b) PVA:250
wt% ILGPE films. PVA: polyvinyl alcohol; ILGPE: ionic liquid-
incorporated gel polymer electrolyte.

4000 3500 3000 2500 2000 1500 1000

T
%

wave number (cm-1)

pure pva

pva+IL

pure IL

(a)

(b)

(c)

Figure 5. FTIR spectra of (a) pure PVA film, (b) PVA:250 wt%
ILGPE film, and (c) IL. PVA: polyvinyl alcohol; ILGPE: ionic liquid-
incorporated gel polymer electrolyte; IL: ionic liquid.
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reacted (no new compound forms). Additionally, the

absorption peaks appear in wave numbers of 2932, 1347,

1053, 738 cm�1 in PVA, and peaks of 2982, 1357, 1057,

740 cm�1 in IL are shifted to 2921, 1328, 1086, 731 cm�1

in ILGPE. The shifting of the abovementioned peak posi-

tions in ILGPE is possibly due to the interaction of IL with

the polymer backbone as reported in the literature.25,35–37

EDLC fabrication and performance

For supercapacitor fabrication, we have adopted the

method reported by Hashmi et al.16 We have used 1 � 1

cm2 graphite sheet as current collector, which was coated

with SWCNT paste using polymer (PVDF-HFP) as a bin-

der. The symmetric EDLC comprising maximum conduc-

tivity ILGPE sandwiched between electrodes have been

fabricated and its performance (capacitance) value is eval-

uated using CV and impedance spectroscopy (frequency

range 10 mHz–10 kHz). Figure 6 shows the CV curve of

fabricated EDLC in the potential range of �0.8 to 0.8 V at

50 mV s�1 scan rate. The capacitance value was evaluated

using the following formula,

C ¼ i

s

where i is the current and s is the scan rate. The fabri-

cated supercapacitor shows specific capacitance value of

24 F g�1.

The specific capacitance value was further confirmed by

complex impedance plot as shown in Figure 7. It was clear

that SWCNT electrode materials show capacitive behavior

in contact with the GPE, as reflected by the steeply rising

behavior of the impedance spectra in the low frequency

range. The values of bulk resistance (Rb) and interfacial

charge-transfer resistance (Rct) of EDLC have been evalu-

ated from the intercepts at the real axis of the EIS

responses. The value of specific capacitance (C) of EDLC

cell was evaluated using the formula,

C ¼ � 1

! � Z}
or C ¼ � 1

2�f � Z}

where f is the frequency and Z00 is the imaginary part of the

impedance (Z) of the cell, estimated at a low frequency of

10 mHz. The EDLC shows Rb of 41 � and Rct of 28 � with

C value of 28 F g�1, which matches well with our CV data.

The fabricated EDLC has also been tested with galvano-

static charge–discharge method. The typical charge–dis-

charge curve of EDLC is shown in Figure 8. The

discharge characteristic has been found to be almost linear,

which confirms the capacitive behavior of the EDLC cell.

An initial drop in the voltage while discharging the cell has

been observed, which is due to the ohmic loss across inter-

nal resistance (Ri, also referred to as ESR) of the cells. The

internal resistance has been calculated from these voltage

drops. The discharge capacitance (Cd) value has been eval-

uated from the linear part of the discharge characteristics

(Figure 8) using the equation,

C ¼ i� �t

�V

where i is the constant current and �t is the time interval for

the voltage change of �V. The energy density of the cell has

also been estimated from the corresponding value of the

capacitance by keeping the working voltage 0.8 V, while the

power density value has been evaluated by dividing

the energy density values with discharge time of the cells.
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Figure 6. CV of the EDLC using maximum conductivity GPE film
and SWCNT electrodes measured at 50 mV S�1 scan rate. CV:
cyclic voltammetry; EDLC: electric double-layer capacitor; GPE:
gel polymer electrolyte; SWCNT: single-walled carbon nanotube.
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Figure 7. Electrochemical impedance spectra of fabricated EDLC
using maximum conductivity ILGPE film and SWCNT electrodes.
EDLC: electric double-layer capacitor ILGPE: ionic liquid-
incorporated gel polymer electrolyte; SWCNT: single-walled
carbon nanotube.
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The values of the internal resistance Ri, discharge capacitance

Cd, energy density, and power density of EDLC cell calculated

from charge–discharge characteristics are listed in Table 2.

All these values are in well agreement with the values

obtained from the impedance spectroscopy and CV studies.

Conclusions

We have fabricated an efficient EDLC using IL-polymer

GPE film. The prepared ILGPE films showed high conduc-

tivity value in comparison to the pure polymer matrix.38,39

The maximum conductivity of ILGPE film was obtained at

250 wt% of IL composition with a conductivity value of

about 10�5 S cm�1 using EIS. Blending IL in polymer

matrix provided additional charge carriers and reduces

crystalline matrix of PVA (observed in XRD, DSC, and

OM), and hence, the conductivity increases. The interac-

tion within the polymer chain and IL ions are confirmed by

FTIR spectra. The developed EDLC using SWCNT elec-

trodes and ILGPE (with maximum conductivity composi-

tion) further affirms good specific capacitance value (about

28 F g�1) using CV, complex impedance, and charge–dis-

charge measurements.
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