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Abstract: Compatible green polymer electrolytes based on methyl cellulose (MC) were prepared for
energy storage electrochemical double-layer capacitor (EDLC) application. X-ray diffraction (XRD)
was conducted for structural investigation. The reduction in the intensity of crystalline peaks of MC
upon the addition of sodium iodide (NaI) salt discloses the growth of the amorphous area in solid
polymer electrolytes (SPEs). Impedance plots show that the uppermost conducting electrolyte had a
smaller bulk resistance. The highest attained direct current DC conductivity was 3.01 × 10−3 S/cm
for the sample integrated with 50 wt.% of NaI. The dielectric analysis suggests that samples in this
study showed non-Debye behavior. The electron transference number was found to be lower than
the ion transference number, thus it can be concluded that ions are the primary charge carriers in the
MC–NaI system. The addition of a relatively high concentration of salt into the MC matrix changed
the ion transfer number from 0.75 to 0.93. From linear sweep voltammetry (LSV), the green polymer
electrolyte in this work was actually stable up to 1.7 V. The consequence of the cyclic voltammetry (CV)
plot suggests that the nature of charge storage at the electrode–electrolyte interfaces is a non-Faradaic
process and specific capacitance is subjective by scan rates. The relatively high capacitance of 94.7 F/g
at a sweep rate of 10 mV/s was achieved for EDLC assembly containing a MC–NaI system.
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1. Introduction

Green biopolymers degrade naturally, whereas synthetic or human-made polymers are relatively
non-biodegradable [1]. The most abundant green polymer in nature is cellulose; however, pure cellulose
cannot be dissolved in water [2], thus, modification is needed. For example, inclusion of methyl
chloride to the cellulose (methylation) will produce methyl cellulose (MC). MC is known to have
a reasonable price and is eco-friendly as well as having acceptable film forming properties such as
transparency and superior mechanical and electrical properties [3]. Cations can form interactions
with O2 atoms of MC over dative bonds. MC contains functional groups, for instance, C–O–C, O–H,
and O–CH3 groups have lone pair electrons that are in charge for the ionic conduction [4]. Additionally,
it is an amorphous polymer that has a relatively high glass transition temperature (Tg), ranging from
184 to 200 ◦C [5].

The present studies have been conquered by lithium-ion based systems for their potential use in
solid-state supercapacitors, with one scarce study that used polymer electrolytes based on sodium ion
complexed films [6,7]. The primary advantage of sodium salt employment is its low atomic mass and
accessibility in abundance at an inexpensive cost compared to lithium salt. The NaI salt selection is
mostly due to its ready availability, lower cost, and lower toxicity [8–10]. Other than that, a relative
study on the effect of lithium and sodium triflate in a polyacrylonitrile (PAN) host conducted by
Osman et al. [11] recognized that the sodium-based electrolyte system accomplished upper ionic
conductivity at room temperature.

Supercapacitors are energy storage devices characterized by long life-cycle and high power density.
They are used for stationary and mobile applications, for example, power stabilization in electrical grids
or regenerative braking in hybrid electric vehicles [12–14]. There are three kinds of supercapacitors (SCs):
pseudocapacitors (PCs), electric double-layer capacitors (EDLCs), and hybrid capacitors. For EDLCs,
the charges are stored and released at the electrolyte/electrode interfaces. For PCs, the charges are stored
mostly at the expense of the reversible Faradaic redox reaction of active material in the electrodes [15].
Nowadays, EDLCs have been studied and fabricated using various electrodes (e.g., carbon electrodes
including activated carbon (AC), graphite, carbon nanogel, and carbon nanotubes (CNTs), etc.). EDLC
can be considered as a good replacement for conventional batteries, especially in low energy density
applications [16,17]. AC is the most widely used activation material in the application of EDLC due
to its easy preparation, large surface area, and low-cost. The surface area of AC is around 2500 m2/g.
As the energy storage process of EDLC is through the adsorption/desorption or non-Faradaic process,
a big surface area electrode is essential [18]. The routine of EDLC can be superior either through the
modification of the electrolytes or electrodes. Current studies have shown that polymer electrolytes
(PEs) are suitable for electrochemical devices due to their features including solvent free, leakage
free, light weight, easily forms thin films, easy handling, and widespread electrochemical windows
compared to commercial liquid electrolyte counterparts [19,20]. Broad studies have been conducted
on ammonium salts interacted with MC for fabrication of PEs [21–23], however, little effort has been
made toward PEs including sodium salts. Sodium is available in richness at a cheaper cost than
lithium. In addition, the softness of the materials makes it easier to attain and maintain contact with
other components in batteries [24]. In this work, MC was chosen as the host polymer while ions were
provided by the addition of NaI at various concentrations. The best conducting sample will be used in
the fabrication of an AC-based EDLC.
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2. Experimental Details

2.1. Materials and Sample Preparation

In the preparation of methyl cellulose (MC)-based solid polymer electrolytes (SPEs) incorporated
with various quantities of sodium iodide (NaI), the solution cast methodology was used. Both MC
and NaI as raw materials were purchased from Sigma-Aldrich (Kuala Lumpur, Malaysia). The first
series of solutions were prepared by dissolving 1 g of MC in 80 mL distilled water with stirring
using a magnetic stirrer for several hours until an identical aqueous solution was obtained at room
temperature, as shown in Figure 1a. A second series of solutions consisting of 10 to 50 wt.% of NaI salt
was prepared and then added into the first series of solution followed by continuous stirring until clear
real solutions were obtained (Figure 1a). The MC doped with NaI samples were coded as MCSPE1,
MCPE2, MCSPE3, MCSPE4, and MCSPE5, which corresponded to10, 20, 30, 40, and 50 wt.% of NaI,
respectively. These series of solutions were cast into a number of Petri dishes and then left to make a
dry film that was free of solvent at room temperature, as shown in Figure 1b. Afterwards, for further
drying, the SPE films (Figure 1b) were put into a desiccator having silica gel. The components of the
SPE-based on MC and their corresponding concentrations are presented in Table 1.
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Figure 1. (a) Pure MC and doped MC aqueous solution and (b) pure MC and doped MC SPE films.

Table 1. Composition of MC:NaI-based solid polymer electrolytes.

Designation MC (g) NaI Wt.% NaI (g)

MCSPE1 1 10 0.111
MCSPE2 1 20 0.250
MCSPE3 1 30 0.428
MCSPE4 1 40 0.666
MCSPE5 1 50 1

2.2. X-Ray Diffraction

For XRD acquisitions, a Siemens D5000 x-ray diffractometer (Panalytical Ltd., Malvern, UK) under
certain electric operating conditions (40 mA and 40 kV) was applied. A beam of monochromatic CuKα
x-radiation of wavelength (λ = 1.5406 Å) and at the sideways angles in the range of 10◦ ≤ 2θ ≤ 80◦ with
a step size of 0.1◦ was scanned over each sample.

2.3. Electrical Impedance Spectroscopy (EIS)

To study the electrochemical properties of materials that have been utilized in electrochemical
devices, complex impedance spectroscopy (CIS) is an appropriate technique [25]. It provides invaluable
information about the electrical properties at the interfacial area between the electronically conducting
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electrode and electrolyte that are in contact with each other. Prior to impedance measurements, the SPE
films were cut into small discs (2 cm in diameter) and then inserted between two stainless steel
electrodes using spring pressure. The impedance measurements were carried out using a hyphenated
HIOKI 3531 Z Hi-tester (Hioki, Nagano, Japan) with a computer in the frequency range of 50 Hz to
5000 kHz at ambient temperature. Both real (Z′) and imaginary (Z”) parts of the impedance spectra of
the Nyquist plot were controlled by HIOKI LCR software (Hioki, Nagano, Japan). From the intercept
of the plot with the real impedance axis, the bulk resistance (Rb) can be obtained. From the Rb, one can
calculate the conductivity using the following relationship [25]:

σdc =

(
1

Rb

)
×

( t
A

)
(1)

where t and A are the film thickness and surface area, respectively.

3. Electrochemical Characterization

3.1. Transference Number Measurement (TNM) Analysis

Both ion and electron transference number (TNM) were measured using V&A Instrument DP3003
(V&A Instrument, Shanghai, China) digital DC power supply. The measurements were started by
placing the relatively high conducting electrolyte in a Teflon holder containing stainless steel electrodes.
The cell perturbation was performed by applying 0.2 V where both ions and electrons start moving.
All these measurements were carried out at room temperature and a relative humidity of ~50%.

3.2. Linear Sweep Voltammetry (LSV) Analysis

To find the maximum potential that the electrolytes in this study started to decompose, linear
sweep voltammetry (LSV) was conducted using a Digi-IVY DY2300 potentiostat (V&A Instrument,
Shanghai, China). The electrolyte was inserted between two stainless steel electrodes of a Teflon holder
with applied scan rate of 10 mV/s. The temperature for LSV analysis was kept at 25 ◦C while the
relative humidity of the room was maintained at ~50%.

3.3. Fabrication and Characterization of EDLC

A total of 3.25 g of activated carbon (AC) was dried and then mixed with 0.25 g of carbon black
(CB). The ball miller (Changsha Yonglekang Equipment Co., Ltd., Changsha, Hunan, China) speed
was kept constant at 500 revolution/min for 20 min. To a previous solution, a solution of 0.5 g of
polyvinylidene fluoride (PVdF) (Sigma-Aldrich, Kuala Lumpur, Malaysia) and 15 mL of N–methyl
pyrrolidone (NMP) (Sigma-Aldrich, Kuala Lumpur, Malaysia) was added, producing a completely
dissolved AC–CB black thick solution. This black thick solution was coated on cleaned aluminum foil
with acetone using a scalpel blade.

The coated aluminum foils were dried in an oven at 60–70 ◦C for 1 h. To ensure dryness, the coated
aluminum foils were placed into a desiccator. The electrodes were obtained from the films by cutting a
geometric area of 2.01 cm2. The relatively high electrolyte as a separator was sandwiched between
two AC electrodes and packed in a CR2032 coil cell. The EDLC assembly was tested using cyclic
voltammetry (CV) at different scan rates. The area of the capacitive loop of the CV was obtained
from the origin 9 software (OriginLab Corporation 8.5) using an integration function and the specific
capacitance of the EDLC was calculated from the following relationship:

C =

∫ Vu

Vl

I(V)dV
2mSr(V2 −V1)

(2)

where m is the mass of active material (activated carbon) where ions form a charge-double layer and Sr

is the scan rate.
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4. Results and Discussion

4.1. X-Ray Diffraction (XRD) Study

All XRD patterns of the MC electrolyte samples are shown in Figure 2. It is well-known that a
broad crystalline hump centered at 2θ = 19~21◦ resulted from strong intermolecular hydrogen bonding
along a short distance order of the chains in the MC polymer [26,27]. Earlier work has shown that
there is not only a broad hump at 2θ = 19~21◦, but also several weak peaks centered at 2θ equal to
8◦ and 21◦ are features of pure MC [28,29]. In fact, hydrogen bonding is made from the interaction
between electron-deficient hydrogen and high electron density atoms (high electronegative atoms),
such as –O and –N. The intermolecular hydrogen bonding can be stated as X–H . . . .Y that X and Y
are high electronegative atoms containing electron pairs [30]. MC has functional groups of C–O–C,
O–H, and O–CH3. Cations create interactions with the oxygen atoms of MC through dative bonds [4].
Figure 3 shows the chemical structure and possible interactions between the NaI and MC matrix
through dative bonds.
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Figure 2. X-ray diffraction (XRD) spectra for (a) MCSPE1, (b) MCSPE2, (c) MCSPE3, (d) MCSPE4,
and (e) MCSPE5 electrolyte films.
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Figure 3. Possible interactions between the NaI and MC matrix through thee dative bond.

To determine the degree of crystallinity (Xc), it is essential to deconvolute the XRD spectra of
the samples to find the area of the amorphous and crystalline peaks [31]. Xc was calculated using
Equation (3) [32],

Xc =
AC
AT
× 100% (3)

where AC and AT are the area of crystalline peaks and total area of amorphous and crystalline peaks,
individually. The deconvoluted XRD spectra of MC:NaI electrolytes are indicated in Figure 2a–e. It is
important to see that the Xc is decreased upon the inclusion of further NaI salt (see Table 2). It is
vital to see that the intensity of the XRD peaks is noticeably decreased. On the basis of earlier study,
salt can destroy the hydrogen bonding among the polymer chains due to electrostatic interaction
formed between the cations of the salt and the functional groups of the polymer [33]. The increment in
amorphous structure in the polymer could be related to the disruption of the crystalline phase [34].
The Xc of the MCSPE1 system was 22.38. The lowest Xc, which was 10.66, was obtained for MCSPE5.
This indicates that MCSPE5 was the most amorphous system. The amorphous phase dominance
increased polymer backbone segmental motion, which raised the conductivity and transportation
of ions [18]. Compared to MCSPE1, the Xc in the electrolyte systems was considerably decreased
(see Table 2). Hamsan et al. [21] used the deconvolution method for XRD spectra to determine the
Xc for the system of MC–PS–NH4NO3–glycerol-based electrolytes. The Xc of their system was 10.39,
which is quite close to the present work for the highest salt concentration.

Table 2. The Xc using deconvoluted XRD examination.

Electrolyte Degree of Crystallinity (%)

MCSPE1 22.38
MCSPE2 18.18
MCSPE3 17.43
MCSPE4 14.08
MCSPE5 10.66

4.2. Impedance Study

Complex impedance spectroscopy (CIS) is one of most suitable techniques for studying the
dynamics of ions within the PE matrices. The measurements of impedance clarify the conductivity
behavior of the SPEs in the range of frequency [35]. The Cole–Cole profile s(Nyquist plots) of
MC:NaI-based PEs at room temperature are exhibited in Figure 4a–e. It can be obviously seen that
there was a semicircle and a spike in the high and low frequency ranges, respectively, at a low salt
concentration. The two responses in the high and low frequency ranges can be explained on the basis of
the phenomena that occur during electrochemical impedance perturbation. The semicircle at the high
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frequency region was caused by a parallel combination of bulk resistance (Rb) and bulk capacitance,
resulting from ion migration and immobile polymer chains, respectively. On the other hand, the spike
at the low frequency region resulted from polarization, which occurs at the electrode/electrolyte
interfacial region [18].
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Figure 4. EIS plots for (a) MCSPE1, (b) MCSPE2, (c) MCSPE3, (d) MCSPE4, and (e) MCSPE5
electrolyte films.

In Figure 4a-e, N is the deviation of the semicircle radius from the imaginary axis and the deviation
of the tail/spike from the real axis. R and Y0 are the resistance and constant phase element capacitance,
respectively. The centers of the semicircles lie below the Zr-axis, indicating the non-Debye behavior of
ion relaxation. It was noted that the diameter of the semicircle at the high frequency region decreased
as the concentration of NaI increased. It was also noticed that at 40 and 50 wt.% of NaI, the semicircle
disappeared. This is due to relatively high resistance within the polymer matrix where mobile ion
is responsible for conduction [33,36]. The Rb of the electrolyte samples decreased with increasing
NaI concentration.

Electric equivalent circuit (EEC) modeling is required for the fitting process, data analysis, and to
show a comprehensive electrochemical image of the system [37]. The impedance spectra can be inferred
in terms of equivalent circuit, for example, there is Rb response as a result of the dynamics of the charge
carrier and two constant phase elements (CPEs), as shown in Figure 4a–c. In the high frequency region,
Rb and CPE are responses of the system to the electrochemical perturbation. In the low frequency
region, there was only a CPE as a result of the development of double-layer capacitance between the
electrode and SPE. The term constant phase element (CPE) is used in the equivalent circuit in the place
of an ideal capacitor in real systems (real system consists of two conductive electrodes separated by
an insulator). In other words, CPE is used for a pseudo-capacitor where a conductor electrode is in
contact with an electrolyte containing ions [38].
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The impedance ZCPE can be mathematically expressed as follows [39,40]:

ZCPE = 1
Qωn e− j π2 n = 1

Qωn [cos( nπ
2 ) − j sin( nπ

2 )],

0 ≤ n ≤ 1
(4)

where the CPE capacitor is denoted by Q; ω is the angular frequency; and n is the factor in relation to
the nonconformity of the vertical axis of the complex impedance spectra.

Finally, the total impedance (Ztotal) related with the equivalent circuit (insets of Figure 4a–c) can
be expressed as:

Ztotal = (R1 +
A′

A′2 + A′′2
) − j(

A′′

A′2 + A′′2
) (5)

In Equation (5),

A′ = Q1ω
n1 cos(

n1π
2

) +
B′

B′2 + B′′2
(6)

A′′ = Q1ω
n1 sin(

n1π
2

) +
B′′

B′2 + B′′2
(7)

In Equations (6) and (7),

B′ = R2 +
1

Q2ωn2
cos(

n2π
2

) (8)

B′′ =
1

Q2ωn2
sin(

n2π
2

) (9)

All circuit elements used for the fitting process of the experimental impedance spectra for all
the samples are presented in Table 3. It is well-defined that in the Cole–Cole plot, at a certain high
concentration of the salt (Figure 4d,e), the semicircle disappears, which indicates the predominance
of the resistive component of the polymer systems [41]. The mathematical expression of Ztotal is
shown below:

Ztotal = [R1 +
1

Qωn cos(
nπ
2
)] − j[

1
Qωn sin(

nπ
2
)] (10)

Table 3. The EEC fitting parameters for MC:NaI systems at room temperature.

Fitting Circuit R(Q(RQ)) R(Q(RQ)) R(Q(RQ)) RQ RQ

Sample MCSPE1 MCSPE2 MCSPE3 MCSPE4 MCSPE5

Rb (Ω) 134,659.276 47,476.077 3084.850 32.124 4.385
Rs (Ω) 29.276 91.077 125.250 32.124 4.385
Q1 (F) 8.62 × 10−11 1.22 × 10−10 4.27 × 10−10 1.37 × 10−5 3.8 × 10−5

N1 0.945 0.924 0.873 0.712 0.749
R2 (Ω) 134,630.0 47,385.0 2959.6 - -
Q2(F) 7.80 × 10−7 1.58 × 10−6 4.70 × 10−6 - -

N2 0.217 0.342 0.485 - -
X2 (Ω) 0.472 0.230 0.503 10.732 66.927

To calculate the ionic conductivity (σ) of SPEs, Equation (1) can be applied. It can be noted that
there is a decrease in Rb when the concentration of NaI is increased as a consequence of increasing the
number of charge carriers [42]. For example, Table 4 shows the effect of NaI concentration on the DC
conductivity of SPE. It is intuitive that both the number of charge carriers and charge carrier mobility
contribute to the whole conductivity at ambient temperature via the equation below [43–45]:

σ = Σ niqi µi (11)
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where ni is the charge carrier density; qi is equal to 1.6 × 10−19 C; and µi is the ion mobility. In general,
based on Equation (11), the number of charge carriers and mobility influence the conductivity [20].
Based on the facts previously stated, such sharp DC conductivity increasing at 50 wt.% can be ascribed
to the increasing number of charge carriers [33,43]. Meanwhile, the XRD results confirmed the increase
in the amorphous domain, resulting in increased ion mobility.

Table 4. DC conductivity for MC:NaI systems at room temperature.

Designation Conductivity (S cm−1)

MCSPE1 9.95 × 10−8

MCSPE2 2.69 × 10−7

MCSPE3 4.33 × 10−6

MCSPE4 4.12 × 10−4

MCSPE5 3.01 × 10−3

4.3. Dielectric Properties and Electric Modulus Study

4.3.1. Dielectric Study

Dielectric spectroscopy is used in measuring the dielectric properties of the SPEs as a function
of frequency. The principle of this technique is based on the interaction between an electric dipole
body and external field. This interaction results in a response over a wide range of frequencies that
appears in an impedance spectrum. Figures 5 and 6 reveal the extent of the dependency of the dielectric
constant and dielectric loss on frequency for various NaI salt concentrations at room temperature.
The dielectric constant and dielectric loss can be obtained from the real (Zr) and imaginary (Zi) part of
the complex impedance (Z*) using the relationship shown below [46,47]:

εr =
Zi

ω C◦(Zr2 + Zi2)
(12)

εi =
Zr

ωC◦(Zr2 + Zi2)
(13)

where Co has the usual meaning (vacuum capacitance) and is equal to εoA/t; εo is the permittivity
of free space (8.85 × 10−12 F/m); ω is the angular frequency (ω = 2πf ); and f is the applied field
frequency. From Figures 5 and 6, it can be seen that in the low frequency region, there was dispersion
of both the dielectric constant and dielectric loss spectra that also accounted for the large dielectric
constant and dielectric loss obtained. This was due to the occurrence of space charge polarization at the
electrode/electrolyte interfacial region [48]. Furthermore, the low frequency provides sufficient time for
dipoles and charge carriers to orient their directions under an applied electric field. Moreover, electrode
polarization results in charge carrier growth at the electrode/electrolyte interface. This phenomenon
suppresses dielectric properties (bulk property) at a high frequency [47,49–51]. Aziz [47] also noted
these variations where there was high dielectric constant in the region of low frequency as a result
of the charge carrier accumulation or polarization effect near the electrodes. However, the εr and εi
values (see Figures 5 and 6) decreased with increasing frequency until it reached constant values at high
frequency because the periodic reversal of the applied electric field occurs very quickly. In respect of
energy storage, charge buildup at the electrolyte and electrode interface results in the electric dispersion
in the intermediate frequency region [44,45].
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4.3.2. Electric Modulus Studies

The real (Mr) and imaginary (Mi) parts of the complex electric modulus (M*) can be computed
using Equations (14) and (15):

Mr = [
εr

(εr2 + εi2)
] = ωCoZi (14)

Mi = [
εi

(εr2 + εi2)
] = ωCoZr (15)

Figures 7 and 8 show Mr and Mi versus frequency for the electrolyte films at room temperature.
Mr and Mi decrease with extended tails in the low frequency region, meaning that the electrode
polarization will create a negligible participation. The electrode polarization, which causes the buildup
of charges at the stainless steel electrodes, is suppressed [52]. The Mr and Mi spectra show different
behavior in comparison with the pattern of εr and εi. The large εr and εi values (see Figures 5 and 6)
were seen at low frequency. Normally, the Mr and Mi in M* are created as a result of the inverse of
εr and εi in ε*, respectively. The Mr and Mi indicate the lowest values in the low frequency region,
which indicate the material capacitive behavior.
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In the low frequency region, extended tails were seen for the electrolyte films in Figures 7 and 8.
This could be ascribed to the suppression of the electrochemical double-layer at the electrode/electrolyte
films as the result of the large value of capacitance in the area of low frequencies. It is vital to observe
that Mr obtained the highest level of saturation in the high frequency region. This is because εr at
high frequencies decreased to the lowest value and as a result, Mr increased to the maximum [47].
In comparison to the spectra of εi (Figure 6), noticeable peaks as the result of the conductivity relaxation
were seen in the Mi spectra of the MCSPE1, MCSPE2, and MCSPE3 electrolyte films (see Figure 8).
In previous work, it was shown that the εi is affected by means of an ohmic conduction (specifically
DC conductivity), causing the absence of loss peaks in the spectra of εi (see Figure 6) [53].

4.4. Electrochemical Studies

4.4.1. Determination of Ionic Transference Number

The polarization plot of electrolyte with (a) MCSPE4 and (b) MCSPE5 are shown in Figure 9a,b.
Commonly in a PE, the total conductivity is through both the contribution of electron and ions.
For the EDLC fabrication purpose, Tion must be bigger than Telec, thus TNM analysis was conducted at
0.2 V. The polarization of SS|MCSPE4|SS and SS|MCSPE5|SS are shown in Figure 9a,b, respectively.
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The starting current (Is) of MCSPE4 was 0.80 µA and the balanced current (Ib) was 0.20 µA. These values
were lower compared to when 50 wt.% NaI was added. As we obtained the value of Is and Ib, Tion can
be determined using the following equation:

Tion =
Is − Ib

Is
(16)

where the summation of Tion with Telec is equal to 1. It was discovered that the inclusion of 40 wt.% NaI
provided 0.75 while for 50 wt.%, NaI was 0.93. As additional salt is introduced, more solvated ions are
produced. Thus, more ions can be conducted toward SS electrodes and form a double-layer. Hence,
it resulted in a high ionic transference number. It is also noticeable in Figure 9a,b that the current was
high at the beginning, which is at this point that both ions and electrons are conducted. As time goes
by, ions are blocked at the surface of the electrodes and at this point, the cell is polarized whereas the
current flows are due to electrons.
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Figure 9. Current versus time for the (a) MCSPE4 and (b) MCSPE5 electrolyte systems.
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4.4.2. Determination of Electrolyte Potential Stability

In energy storage technologies, the potential constancy of the electrolyte is a crucial determination.
The maximum potential limit of the electrolyte or the potential where the electrolyte starts to degrade
can be obtained using LSV analysis. Figure 10 illustrates the LSV for the SS|highest conducting
electrolyte (MCSPE5)|SS at 10 mV/s. The current was observed to be constant at the potential <1.50 V.
As the potential elevates more than 1.50 V, current underway grows sharply. To obtain the value
of the decompose voltage, a straight line was drawn with respect to the constant current and sharp
current increase. The point of intersection was the decompose voltage, which is in this case was 1.70 V.
This value is good enough for the application of proton-based energy devices; typically an electrolyte
should have at least a decomposition voltage of 1 V.

Polymers 2020, 12, x FOR PEER REVIEW 14 of 20 

 

 

Figure 9. Current versus time for the (a) MCSPE4 and (b) MCSPE5 electrolyte systems. 

4.4.2. Determination of Electrolyte Potential Stability 

In energy storage technologies, the potential constancy of the electrolyte is a crucial 

determination. The maximum potential limit of the electrolyte or the potential where the electrolyte 

starts to degrade can be obtained using LSV analysis. Figure 10 illustrates the LSV for the SS|highest 

conducting electrolyte (MCSPE5)|SS at 10 mV/s. The current was observed to be constant at the 

potential <1.50 V. As the potential elevates more than 1.50 V, current underway grows sharply. To 

obtain the value of the decompose voltage, a straight line was drawn with respect to the constant 

current and sharp current increase. The point of intersection was the decompose voltage, which is in 

this case was 1.70 V. This value is good enough for the application of proton-based energy devices; 

typically an electrolyte should have at least a decomposition voltage of 1 V. 

 

Figure 10. LSV plot of the highest conducting electrolyte. 

  

-0.021

0.479

0.979

1.479

1.979

2.479

0 0.5 1 1.5 2 2.5 3

Potential (V)

C
u
r
r
e
n
t
 
d
e
n
s
i
t
y
 
(
m
A
/
c
m
2
)




decomposition 

viltage = 1.7 V

0

5

10

15

20

25

30

35

40

45

50

0 20 40 60 80 100 120 140 160

Time (s)

C
u
r
r
e
n
t
 
(
m
A
)

(b) 

Figure 10. LSV plot of the highest conducting electrolyte.

4.4.3. CV Studies of Fabricated EDLC

The fabricated EDLC was charged–discharged using CV analysis and the CV plot can be seen in
Figure 11. CV analysis is well known as a tool to confirm the capacitive behavior of an EDLC. It is
obvious that for all scan rates, the CV plots have no redox peaks. This means that the mechanism
of energy storage in this EDLC is through the adsorption/desorption of ions at the surface of AC
electrodes [54]. The shape of the CV plot at 100 mV/s is leaf-like shape, while the shape changes
to a more rectangular shape as the scan rate decreases to 10 mV/s. Fattah et al. [54] stated that the
rectangular CV plot possessed excellent electrochemical stability. Current is independent of potential
for rectangular CV, which means that more polarization or charge double-layers occur in the EDLC.
The rectangular CV also showed a close mirror image symmetry of the current replies to the zero line,
which settles the electric double-layer capacitive behavior. Table 5 shows the parameters extracted from
the CV equation. The value of specific capacitance (C) for 100 mV/s was 15.8 F/g. The value of C seemed
to increase as the scan rate was reduced to 10 mV/s. Constant ionic migration toward the AC electrodes
is possible at a low scan rate. This condition provides much more polarization, thus providing a higher
C value. As the scan rate increases, ions move in a very fast motion, which leads to improper charge
double-layer development [55]. The decrement in C with an increase in the scan rate is interconnected
with the existence of internal resistance. The time scale of the current to grasp a horizontal constant
value on setback of the potential scan is amplified at a high scan rate. The longer postponement at the
switching potential encourages the slow restructuring of the electrical double-layer due to the high
resistance of ionic mobility in the micro-pores of activated carbon in EDLC [56,57]. Table 6 shows
various AC-based EDLC with different electrolyte materials.
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Figure 11. CV plots of the fabricated EDLC at different scan rates.

Table 5. Parameters extracted from the CV equation.

Scan Rate (mV/s) Capacitance (F/g)

100 15.8
50 32.4
20 65.5
10 94.7

Table 6. AC-based EDLC fabricated and reported using different electrolyte materials.

System C From CV (F/g) Reference

PVA–NaTf
PVA–NaTf–BmImBr

~10.0 (at 10 mV/s)
~12.0 (at 10 mV/s) [58]

PVA–LiClO4 10.9 (at 10 mV/s) [59]
HEC–MgTf2–EMIMTf 25.0 (5 mV/s) [60]
PMMA–Mg(CF3SO3)2) 27.0 (5 mV/s) [61]
PAA–LiTFSI–TiO2 28.5 (10 mV/s) [62]
Corn starch–LiOAc 33 (0.5 mV/s) [63]
CS:MC:NH4F 58.3 (10 mV/s) [64]
PEO:NH4SCN: CeO2 86.9 (20 mV/s) [65]
PVA–KOH 99 (10 mV/s) [66]
PVA:NH4SCN:Ce(III)–complex:gly 108.37 (10 mV/s) [25]
MC–NaI 94.7 (at 10 mV/s) This work

5. Conclusions

Summarily and descriptively, green SPE of methyl cellulose (MC) incorporated with various
concentrations of NaI were prepared using the solution cast method. The structural studies confirmed
the disruption of the crystalline phase with various degrees and the formation of an amorphous phase
by salt addition of different concentrations. The conversion of the crystalline phase to the amorphous
phase also caused a lowered bulk resistance to a large extent, which was emphasized from the
impedance spectra (Zi vs. Zr). The highest achievable DC conductivity was 3.01 × 10−3 S/cm at 50 wt.%
of NaI at room temperature. From thee dielectric analysis, all prepared samples were non-Debye
behavior, as evidenced from the asymmetric broad peaks in the Mi spectra. In the MC–NaI system,
the primary charge carrier was ions. Significant enhancement of DC ionic conductivity was obtained
when the highest concentration of NaI changed the ion transference number by 14%. The mechanism



Polymers 2020, 12, 2257 16 of 19

of charge storing in the EDLC assembly is the capacitive process (non-Faradaic process). The specific
capacitance of the EDLC design is influenced by the scan rate, where it is higher at a low scan rate.

Author Contributions: Conceptualization, S.B.A., I.B., S.K.M. and M.F.Z.K.; Formal analysis, S.B.A. and M.H.H.;
Funding acquisition, I.B.; Investigation, S.B.A., M.A.B. and M.H.H.; Methodology, M.A.B., M.H.H.; Project
administration, S.B.A., S.K.M. and M.F.Z.K.; Validation, S.R., M.M.N., A.M.A., and S.A.-Z.; Writing—original draft,
S.B.A., M.H.H. and M.A.B.; Writing—review & editing, M.M.N., S.R., S.A.-Z., S.K.M., and M.F.Z.K. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors acknowledge with appreciation the financial support for this work by the
Ministry of Higher Education and Scientific Research-Kurdish National Research Council (KNRC), Kurdistan
Regional Government-Iraq. The financial support by the University of Sulaimani and Komar Research Center
(KRC) and Komar University of Science and Technology are also acknowledged with respect.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mantravadi, R.; Chinnam, P.R.; Dikin, D.A.; Wunder, S.L. High Conductivity, High Strength Solid Electrolytes
Formed by in situ Encapsulation of Ionic Liquids in Nanofibrillar Methyl Cellulose Networks. ACS Appl.
Mater. Interfaces 2016, 21, 13426–13436. [CrossRef] [PubMed]

2. Chai, M.N.; Isa, M.I.N. The Oleic Acid Composition Effect on the Carboxymethyl Cellulose Based Biopolymer
Electrolyte. J. Cryst. Proc. Technol. 2013, 3, 1–4. [CrossRef]

3. Shuhaimi, N.E.A.; Teo, L.P.; Majid, S.R.; Arof, A.K. Transport studies of NH4NO3 doped methyl cellulose
electrolyte. Synth. Met. 2010, 160, 1040–1044. [CrossRef]

4. Taghizadeh, M.T.; Seifi-Aghjekohal, P. Sonocatalytic degradation of 2- hydroxyethyl cellulose in the presence
of some nanoparticles. Ultrasonics Sonochem. 2015, 26, 265–272. [CrossRef] [PubMed]

5. Shukur, A.; Fadhlullah, M. Characterization of Ion Conducting Solid Biopolymer Electrolytes Based on
Starch-Chitosan Blend and Application in Electrochemical Devices. Ph.D. Thesis, University of Malaya,
Kuala Lumpur, Malaysia, 2015.

6. Sugumaran, T.; Silvaraj, D.S.; Saidi, N.M.; Farhana, N.K.; Ramesh, S.; Ramesh, K.; Ramesh, S. The conductivity
and dielectric studies of polymer electrolytes based on iota-carrageenan with sodium iodide and 1-butyl-3-
methylimidazolium iodide for the dye-sensitized solar cells. Ionics 2019, 25, 763–771. [CrossRef]

7. Saidi, N.M.; Ng, H.M.; Omar, F.S.; Bashir, S.; Ramesh, K.; Ramesh, S. Polyacrylonitrile–poly(1-vinyl
pyrrolidone-co-vinyl acetate) blend based gel polymer electrolytes incorporated with sodium iodide salt for
dye-sensitized solar cell applications. J. Appl. Polym. Sci. 2019, 136, 47810. [CrossRef]

8. Dell, R.M. Batteries—Fifty years of materials development. Solid State Ionics 2000, 134, 139–158. [CrossRef]
9. Ellis, B.L.; Nazar, L.F. Sodium and sodium-ion energy storagebatteries. Curr. Opin. Solid State Mater. 2012,

16, 168–177. [CrossRef]
10. Egashira, M.; Asai, T.; Yoshimoto, N.; Morita, M. Ionic conductivity of ternary electrolyte containing sodium

salt and ionic liquid. Electrochim. Acta 2011, 58, 95–98. [CrossRef]
11. Osman, Z.; Isa, K.B.M.; Ahmad, A.; Othman, L. A comparative study of lithium and sodium salts in

PAN-based ion conducting polymer electrolytes. Ionics 2010, 16, 431–435. [CrossRef]
12. Miller, J.; Burke, A. Electrochemical capacitors: Challenges and opportunities for real world applications.

Electrochem. Soc. Interface 2008, 17, 53.
13. Yang, Z.; Zhang, J.; Kintner-Meyer, M.; Lu, X.; Choi, D.; Lemmon, J.; Liu, J. Electrochemical energy storage

for green grid. Chem. Rev. 2011, 111, 3577–3613. [CrossRef] [PubMed]
14. Abbas, Q.; Béguin, F. Influence of the iodide/iodine redox system on the self-discharge of AC/AC

electrochemical capacitors in salt aqueous electrolyte. Prog. Nat. Sci. Mater. Int. 2015, 25, 622–630.
[CrossRef]

15. Azzam, N.; Mansour, A.; Zhou, J.; Zhou, X. X-ray absorption spectroscopic study of sodium iodide and
iodine mediators in a solid-state supercapacitor. J. Power Sources 2014, 245, 270–276.

16. Kumar, Y.; Pandey, G.P.; Hashmi, S.A. Gel Polymer Electrolyte Based Electrical Double Layer Capacitors:
Comparative Study with Multiwalled Carbon Nanotubes and Activated Carbon Electrodes. J. Phys. Chem. C
2012, 116, 26118–26127. [CrossRef]

http://dx.doi.org/10.1021/acsami.6b02903
http://www.ncbi.nlm.nih.gov/pubmed/27153318
http://dx.doi.org/10.4236/jcpt.2013.31001
http://dx.doi.org/10.1016/j.synthmet.2010.02.023
http://dx.doi.org/10.1016/j.ultsonch.2014.12.014
http://www.ncbi.nlm.nih.gov/pubmed/25637291
http://dx.doi.org/10.1007/s11581-018-2756-3
http://dx.doi.org/10.1002/app.47810
http://dx.doi.org/10.1016/S0167-2738(00)00722-0
http://dx.doi.org/10.1016/j.cossms.2012.04.002
http://dx.doi.org/10.1016/j.electacta.2011.08.100
http://dx.doi.org/10.1007/s11581-009-0410-9
http://dx.doi.org/10.1021/cr100290v
http://www.ncbi.nlm.nih.gov/pubmed/21375330
http://dx.doi.org/10.1016/j.pnsc.2015.12.002
http://dx.doi.org/10.1021/jp305128z


Polymers 2020, 12, 2257 17 of 19

17. Pandey, G.P.; Kumar, Y.; Hashmi, S.A. Ionic liquid incorporated PEO based polymer electrolyte for electrical
double layer capacitors: A comparative study with lithium and magnesium systems. Solid State Ionics 2011,
190, 93–98. [CrossRef]

18. Brza, M.A.; Aziz, S.B.; Anuar, H.; Ali, F.; Hamsan, M.H.; Kadir, M.F.Z. Metal Framework as a Novel Approach
for the Fabrication of Electric Double Layer Capacitor Device with High Energy Density Using Plasticized
Poly (vinyl alcohol): Ammonium Thiocyanate Based Polymer Electrolyte. Arab. J. Chem. 2020, in press.
[CrossRef]

19. Alexandre, S.A.; Silva, G.G.; Santamaría, R.; Trigueiro, J.P.C.; Lavall, R.L. A highly adhesive PIL/IL gel
polymer electrolyte for use in flexible solid state supercapacitors. Electrochim. Acta 2019, 299, 789–799.
[CrossRef]

20. Aziz, S.B.; Abidin, Z.H.Z.; Arof, A.K. Effect of silver nanoparticles on the DC conductivity in chitosan–silver
triflate polymer electrolyte. Phys. B 2010, 405, 4429–4433. [CrossRef]

21. Hamsan, M.H.; Shukur, M.F.; Kadir, M.F.Z. NH4NO3 as charge carrier contributor in glycerolized potato
starch-methyl cellulose blend-based polymer electrolyte and the application in electrochemical double-layer
capacitor. Ionics 2017, 23, 3429–3453. [CrossRef]

22. Aziz, S.B.; Hamsan, M.H.; Abdullah, R.M.; Kadir, M.F.Z. A Promising Polymer Blend Electrolytes Based
on Chitosan: Methyl Cellulose for EDLC Application with High Specific Capacitance and Energy Density.
Molecules 2019, 24, 2503. [CrossRef] [PubMed]

23. Aziz, S.B.; Brza, M.A.; Mishra, K.; Hamsan, M.H.; Karim, W.O.; Abdullah, R.M.; Kadir, M.F.Z.;
Abdulwahid, R.T. Fabrication of high performance energy storage EDLC device from proton conducting
methylcellulose: Dextran polymer blend electrolytes. J. Mater. Res. Technol. 2020, 9, 1137–1150. [CrossRef]

24. Reddy, C.V.S.; Jin, A.-P.; Zhu, Q.-Y.; Mai, L.-Q.; Chen, W. Preparation and characterization of (PVP + NaClO4)
electrolytes for battery applications. Eur. Phys. J. E 2006, 19, 471–476. [CrossRef]

25. Brza, M.A.; Aziz, S.B.; Anuar, H.; Ali, F. Structural, ion transport parameter and electrochemical properties
ofplasticized polymer composite electrolyte based on PVA: A novel approach to fabricate high performance
EDLC devices. Polym. Test. 2020, 91, 106813. [CrossRef]

26. Liu, P.; Xiangmei, W.; Zhong, L. Miscibility Study of Chitosan and Methylcellulose Blends. Adv. Mater. Res.
2013, 750, 802–805. [CrossRef]

27. Salleh, N.S.; Aziz, S.B.; Aspanut, Z.; Kadir, M.F.Z. Electrical impedance and conduction mechanism analysis of
biopolymer electrolytes based on methyl cellulose doped with ammonium iodide. Ionics 2016, 22, 2157–2167.
[CrossRef]

28. Nurhaziqah, A.M.S.; Afiqah, I.Q.; Aziz, M.F.H.A.; Aziz, N.A.N.; Hasiah, S. Optical, Structural and Electrical
Studies of Biopolymer Electrolytes Based on Methylcellulose Doped with Ca(NO3)2. In Proceedings of
the IOP Conference Series: Materials Science and Engineering, Terengganu, Malaysia, 25–26 June 2018;
Volume 440, p. 012034. [CrossRef]

29. Aziz, S.B.; Rasheed, M.A.; Ahmed, H.M. Synthesis of polymer nanocomposites based on [methyl
cellulose](1-x):(CuS)x (0.02M ≤ x ≤ 0.08 M) with desired optical band gaps. Polymers 2017, 9, 194. [CrossRef]

30. He, Y.; Zhu, B.; Inoue, Y. Hydrogen bonds in polymer blends. Prog. Polym. Sci. 2004, 29, 1021–1051.
[CrossRef]

31. Aziz, S.B. Role of dielectric constant on ion transport: Reformulated Arrhenius equation. Adv. Mater. Sci. Eng.
2016, 2016, 2527013. [CrossRef]

32. Wan, Y.; Creber, K.A.M.; Peppley, B.; Bui, V.T. Synthesis, characterization and ionic conductive properties of
phosphorylated chitosan membranes. Macromol. Chem. Phys. 2003, 204, 850–858. [CrossRef]

33. Aziz, S.B.; Brza, M.A.; Hamsan, H.M.; Kadir, M.F.Z.; Abdulwahid, R.T. Electrochemical characteristics of solid
state double-layer capacitor constructed from proton conducting chitosan-based polymer blend electrolytes.
Polym. Bull. 2020, 1–19. [CrossRef]

34. Reddy, M.J.; Chu, P.P. Ion pair formation and its effect in PEO:Mg solid polymer electrolyte system.
J. Power Sources 2002, 109, 340–346. [CrossRef]

35. Aziz, S.B.; Woo, T.J.; Kadir, M.F.Z.; Ahmed, H.M. A conceptual review on polymer electrolytes and ion
transport models. J. Sci. Adv. Mater. Devices 2018, 3, 1–17. [CrossRef]

36. Hema, M.; Selvasekerapandian, S.; Hirankumar, G. Vibrational and impedance spectroscopic analysis of
poly (vinyl alcohol)-based solid polymer electrolytes. Ionics 2007, 13, 483–487. [CrossRef]

http://dx.doi.org/10.1016/j.ssi.2011.03.018
http://dx.doi.org/10.1016/j.arabjc.2020.08.006
http://dx.doi.org/10.1016/j.electacta.2019.01.029
http://dx.doi.org/10.1016/j.physb.2010.08.008
http://dx.doi.org/10.1007/s11581-017-2155-1
http://dx.doi.org/10.3390/molecules24132503
http://www.ncbi.nlm.nih.gov/pubmed/31323966
http://dx.doi.org/10.1016/j.jmrt.2019.11.042
http://dx.doi.org/10.1140/epje/i2005-10076-8
http://dx.doi.org/10.1016/j.polymertesting.2020.106813
http://dx.doi.org/10.4028/www.scientific.net/AMR.750-752.802
http://dx.doi.org/10.1007/s11581-016-1731-0
http://dx.doi.org/10.1088/1757-899X/440/1/012034
http://dx.doi.org/10.3390/polym9060194
http://dx.doi.org/10.1016/j.progpolymsci.2004.07.002
http://dx.doi.org/10.1155/2016/2527013
http://dx.doi.org/10.1002/macp.200390056
http://dx.doi.org/10.1007/s00289-020-03278-1
http://dx.doi.org/10.1016/S0378-7753(02)00084-8
http://dx.doi.org/10.1016/j.jsamd.2018.01.002
http://dx.doi.org/10.1007/s11581-007-0143-6


Polymers 2020, 12, 2257 18 of 19

37. Pradhan, D.K.; Choudhary, P.; Samantaray, B.K.; Karan, N.K.; Katiyar, R.S. Effect of Plasticizer on Structural
and Electrical Properties of Polymer Nanocompsoite Electrolytes. Int. J. Electrochem. Sci. 2007, 2, 861–871.

38. Mohapatra, S.R.; Thakur, A.K.; Choudhary, R.N.P. Effect of nanoscopic confinement on improvement in ion
conduction and stability properties of an intercalated polymer nanocomposite electrolyte for energy storage
applications. J. Power Sour. 2009, 191, 601–613. [CrossRef]

39. Aziz, S.B.; Abdullah, R.M. Crystalline and amorphous phase identification from the tanδ relaxation peaks and
impedance plots in polymer blend electrolytes based on [CS: AgNt]x: PEO (x-1) (10≤ x≤ 50). Electrochim. Acta
2018, 285, 30–46. [CrossRef]

40. Teo, L.P.; Buraidah, M.H.; Nor, A.F.M.; Majid, S.R. Conductivity and dielectric studies of Li2SnO3. Ionics
2012, 18, 655–665. [CrossRef]

41. Hema, M.; Selvasekarapandian, S.; Arunkumar, D.; Sakunthala, A.; Nithya, H. FTIR, XRD and ac impedance
spectroscopic study on PVA based polymer electrolyte doped with NH4X (X = Cl, Br, I). J. Non Cryst. Solids
2009, 355, 84–90. [CrossRef]

42. Badr, S.; Sheha, E.; Bayomi, R.M.; El-Shaarawy, M.G. Structural and electrical properties of pure and H2SO4

doped (PVA)0.7(NaI)0.3 solid polymer electrolyte. Ionics 2009, 16, 269–275. [CrossRef]
43. Polu, A.R.; Kumar, R.; Rhee, H.-W. Magnesium ion conducting solid polymer blend electrolyte based on

biodegradable polymers and application in solid-state batteries. Ionics 2014, 21, 125–132. [CrossRef]
44. Aziz, S.B.; Abidin, Z.H.Z. Electrical and morphological analysis of chitosan:AgTf solid electrolyte.

Mater. Chem. Phys. 2014, 144, 280–286. [CrossRef]
45. Aziz, S.B. Li+ ion conduction mechanism in poly (ε-caprolactone)-based polymer electrolyte. Iran. Polym. J.

2013, 22, 877–883. [CrossRef]
46. Aziz, S.B.; Rasheed, M.A.; Abidin, Z.H.Z. Optical and Electrical Characteristics of Silver Ion Conducting

Nanocomposite Solid Polymer Electrolytes Based on Chitosan. J. Electron. Mater. 2017, 46, 6119–6130.
[CrossRef]

47. Aziz, S.B. Study of electrical percolation phenomenon from the dielectric and electric modulus analysis.
Bull. Mater. Sci. 2015, 38, 1597–1602. [CrossRef]

48. Das, S.; Ghosh, A. Ionic Conductivity and Dielectric Permittivity of Polymer Electrolyte Plasticized with
Polyethylene Glycol. In AIP Conference Proceedings; AIP Publishing LLC: Melville, NY, USA, 2016; Volume 1731.
[CrossRef]

49. Kulshrestha, N.; Chatterjee, B.; Gupta, P.N. Structural, thermal, electrical, and dielectric properties of
synthesized nanocomposite solid polymer electrolytes. High Perform. Polym. 2014, 26, 677–688. [CrossRef]

50. Pradhan, D.K.; Choudhary, R.N.P.; Samantaray, B.K. Studies of dielectric and electrical properties of
plasticized polymer nanocomposite electrolytes. Mater. Chem. Phys. 2009, 115, 557–561. [CrossRef]

51. Pradhan, D.K.; Choudhary, R.N.P.; Samantaray, B.K. Studies of Dielectric Relaxation and AC Conductivity
Behavior of Plasticized Polymer Nanocomposite Electrolytes. Int. J. Electrochem. Sci. 2008, 3, 597–608.

52. Ramya, C.S.; Selvasekarapandian, S.; Hirankumar, G.; Savitha, T.; Angelo, P.C. Investigation on dielectric
relaxations of PVP–NH4SCN polymer electrolyte. J. Non Cryst. Solids 2008, 354, 1494–1502. [CrossRef]

53. Aziz, S.B.; Karim, W.O.; Brza, M.A.; Abdulwahid, R.T.; RazaSaeed, S.; Al-Zangana, S.; Kadir, M.F.Z. Ion
Transport Study in CS: POZ Based Polymer Membrane Electrolytes Using Trukhan Model. Int. J. Mol. Sci.
2019, 20, 5265. [CrossRef]

54. Fattah, N.; Ng, H.; Mahipal, Y.; Numan, A.; Ramesh, S.; Ramesh, K. An approach to solid-state electrical double
layer capacitors fabricated with graphene oxide-doped, ionic liquid-based solid copolymer electrolytes.
Materials 2016, 9, 450. [CrossRef] [PubMed]

55. Liew, C.W.; Ramesh, S.; Arof, A.K. Enhanced capacitance of EDLCs (electrical double layer capacitors) based
on ionic liquid-added polymer electrolytes. Energy 2016, 109, 554–556. [CrossRef]

56. He, X.; Lei, J.; Geng, Y.; Zhang, X.; Wu, M.; Zheng, M. Preparation of microporous activated carbon and
its electrochemical performance for electric double layer capacitor. J. Phys. Chem. Solids 2009, 70, 738–744.
[CrossRef]

57. Fang, B.; Binder, L. A novel carbon electrode material for highly improved EDLC performance. J. Phys.
Chem. B 2006, 110, 7877–7882. [CrossRef]

58. Farah, N.; Ng, H.M.; Numan, A.; Liew, C.-W.; Latip, N.A.A.; Ramesh, K.; Ramesh, S. Solid polymer
electrolytes based on poly(vinyl alcohol) incorporated with sodium salt and ionic liquid for electrical double
layer capacitor. Mater. Sci. Eng. B 2019, 251, 114468. [CrossRef]

http://dx.doi.org/10.1016/j.jpowsour.2009.01.100
http://dx.doi.org/10.1016/j.electacta.2018.07.233
http://dx.doi.org/10.1007/s11581-012-0667-2
http://dx.doi.org/10.1016/j.jnoncrysol.2008.10.009
http://dx.doi.org/10.1007/s11581-009-0391-8
http://dx.doi.org/10.1007/s11581-014-1174-4
http://dx.doi.org/10.1016/j.matchemphys.2013.12.029
http://dx.doi.org/10.1007/s13726-013-0186-7
http://dx.doi.org/10.1007/s11664-017-5515-8
http://dx.doi.org/10.1007/s12034-015-0978-9
http://dx.doi.org/10.1063/1.4948033
http://dx.doi.org/10.1177/0954008314541820
http://dx.doi.org/10.1016/j.matchemphys.2009.01.008
http://dx.doi.org/10.1016/j.jnoncrysol.2007.08.038
http://dx.doi.org/10.3390/ijms20215265
http://dx.doi.org/10.3390/ma9060450
http://www.ncbi.nlm.nih.gov/pubmed/28773573
http://dx.doi.org/10.1016/j.energy.2016.05.019
http://dx.doi.org/10.1016/j.jpcs.2009.03.001
http://dx.doi.org/10.1021/jp060110d
http://dx.doi.org/10.1016/j.mseb.2019.114468


Polymers 2020, 12, 2257 19 of 19

59. Lim, C.-S.; Teoh, K.H.; Liew, C.-W.; Ramwsh, S. Capacitive behavior studies on electrical double layer
capacitor using poly (vinyl alcohol)–lithium perchlorate based polymer electrolyte incorporated with TiO2.
Mater. Chem. Phys. 2014, 143, 661–667. [CrossRef]

60. Chong, M.Y.; Numan, A.; Liew, C.-W.; Ng, H.M.; Ramesh, K.; Ramesh, S. Enhancing the performance of green
solid-state electric doublelayer capacitor incorporated with fumed silica nanoparticles. J. Phys. Chem. Solids
2018, 117, 194–203. [CrossRef]

61. Asmara, S.; Kufian, M.Z.; Majid, S.R.; Arof, A.K. Preparation and characterization of magnesium ion gel
polymer electrolytes for application in electrical double layer capacitors. Electrochim. Acta 2011, 57, 91–97.
[CrossRef]

62. Liew, C.-W.; Ng, H.M.; Numan, A.; Ramesh, S. Poly (acrylic acid)–based hybrid inorganic-organic electrolytes
membrane for electrical double layer capacitors application. Polymers 2016, 8, 179. [CrossRef]

63. Shukur, M.F.; Ithnin, R.; Kadir, M.F.Z. Electrical characterization of corn starch-LiOAc electrolytes and
application in electrochemical double layer capacitor. Electrochim. Acta 2014, 136, 204–216. [CrossRef]

64. Aziz, S.B.; Hamsan, M.H.; Nofal, M.M.; San, S.; Abdulwahid, R.T.; Saeed, S.R.; Brza, M.A.; Kadir, M.F.Z.;
Mohammed, S.J.; Al-Zangana, S. From Cellulose, Shrimp and Crab Shells to Energy Storage EDLC Cells:
The Study of Structural and Electrochemical Properties of Proton Conducting Chitosan-Based Biopolymer
Blend Electrolytes. Polymers 2020, 12, 1526. [CrossRef] [PubMed]

65. Hadi, J.M.; Aziz, S.B.; Mustafa, M.S.; Hamsan, M.H.; Abdulwahid, R.T.; Kadir, M.F.Z.; Ghareeb, H.O. Role
of nano-capacitor on dielectric constant enhancement in PEO:NH4SCN:xCeO2 polymer nano-composites:
Electrical and electrochemical properties. J. Mater. Res. Technol. 2020, 9, 9283–9294. [CrossRef]

66. Yang, C.-C.; Hsu, S.-T.; Chien, W.-C. All solid-state electric double-layer capacitorsbased on alkaline polyvinyl
alcohol polymer electrolytes. J. Power Sources 2005, 152, 303–310. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.matchemphys.2013.09.051
http://dx.doi.org/10.1016/j.jpcs.2018.02.030
http://dx.doi.org/10.1016/j.electacta.2011.06.045
http://dx.doi.org/10.3390/polym8050179
http://dx.doi.org/10.1016/j.electacta.2014.05.075
http://dx.doi.org/10.3390/polym12071526
http://www.ncbi.nlm.nih.gov/pubmed/32660095
http://dx.doi.org/10.1016/j.jmrt.2020.06.022
http://dx.doi.org/10.1016/j.jpowsour.2005.03.004
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Details 
	Materials and Sample Preparation 
	X-Ray Diffraction 
	Electrical Impedance Spectroscopy (EIS) 

	Electrochemical Characterization 
	Transference Number Measurement (TNM) Analysis 
	Linear Sweep Voltammetry (LSV) Analysis 
	Fabrication and Characterization of EDLC 

	Results and Discussion 
	X-Ray Diffraction (XRD) Study 
	Impedance Study 
	Dielectric Properties and Electric Modulus Study 
	Dielectric Study 
	Electric Modulus Studies 

	Electrochemical Studies 
	Determination of Ionic Transference Number 
	Determination of Electrolyte Potential Stability 
	CV Studies of Fabricated EDLC 


	Conclusions 
	References

