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Abstract: A solution cast technique was utilized to create a plasticized biopolymer-based electrolyte
system. The system was prepared from methylcellulose (MC) polymer as the hosting material and
potassium iodide (KI) salt as the ionic source. The electrolyte produced with sufficient conductivity
was evaluated in an electrochemical double-layer capacitor (EDLC). Electrolyte systems’ electrical,
structural, and electrochemical properties have been examined using various electrochemical and
FTIR spectroscopic techniques. From the electrochemical impedance spectroscopy (EIS), a maximum
ionic conductivity of 5.14 x 107 S cm ™! for the system with 50% plasticizer was recorded. From the
EEC modeling, the ion transport parameters were evaluated. The extent of interaction between the
components of the prepared electrolyte was investigated using Fourier transformed infrared spec-
troscopy (FTIR). For the electrolyte system (MC-KI-glycerol), the t;,, and electrochemical windows
were 0.964 and 2.2V, respectively. Another electrochemical property of electrolytes is transference
number measurement (TNM), in which the ion predominantly responsibility was examined in an
attempt to track the transport mechanism. The non-Faradaic nature of charge storing was proved
from the absence of a redox peak in the cyclic voltammetry profile (CV). Several decisive parameters
have been specified, such as specific capacitance (Cs), coulombic efficiency (17), energy density (Ey),
and power density (P;) at the first cycle, which were 68 F g_l, 67%,7.88 Wh kg_l, and 1360 Wh kg_l,
respectively. Ultimately, during the 400th cycle, the series resistance ESR varied from 70 to 310 ohms.

Keywords: methylcellulose; FTIR; ion transport studies; electrochemical properties; charge-discharge
profile; capacitance; electrochemical energy storage device

1. Introduction

Solid polymer electrolytes (SPEs) have recently received much interest due to their
technical relevance in energy storage devices, including batteries, supercapacitors, fuel cells,
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and hybrid power sources [1-3]. Alkali metal salts are frequently dissolved in polar poly-
mers to produce SPEs [4]. Several characteristics, such as high ionic conductivity, relatively
high energy density, absence of leakage, low weight, solvent-free, wide electrochemical
windows, and easy handling, make SPEs superior over conventional liquid electrolytes [5].
The potential of an ion-association (ion-pairing) effect has been suggested as one of the
primary causes of poor ionic conductivity and concentration polarization. This is owing to
the host polymers’ low dielectric permittivity [6]. Without plasticizers, the conductivity of
polymer systems is less than 10~* S/cm. Numerous approaches have been presented to ad-
dress the state-of-the-art issues associated with ion-conducting polymers [7]. Plasticization
is among the recent approaches commonly used to overcome the low conductivity issue in
the SPEs system using different plasticizers like glycerol and ethylene carbonate. Along
with its potential application in electrochemical devices, developing polymeric systems
with high ionic conductivity is one of the key aims in polymer electrolyte research [8].

Cellulose is the most common natural organic molecule on the planet, making it a
renewable resource and a non-toxic substance in its natural condition [9,10]. Methylcellu-
lose (MC), modified cellulose, is a natural polymer investigated as a viable alternative to
synthetic polymers in electrochemical device applications. This is because it is renewable,
ecologically benign, plentiful, and affordable [11]. The amorphous polymer MC has a high
glass transition temperature (Tg) of 184-200 degrees celsius. The oxygen atoms of MC
have lone pair electrons that can act as complexation sites with the salt’s cation [12]. MC
has been utilized as an ionic conduction host because of its outstanding thermal, chemical,
and mechanical stabilities, excellent film-forming characteristics, and high solubility [13].
MC has excellent film-forming properties, a high mechanical strength, and the ability to
produce a clear film. Coatings, pharmaceuticals, and food industry have all used MC [12].

An electrical double-layer capacitor (EDLC) typically consists of two identical carbon-
based electrodes. The non-Faradaic process of charge build-up at the double layer on
the surface of carbon-based electrodes is a significant limitation in EDLC [14]. This phe-
nomenon needs the large surface area of the electrodes, which is challenging. However, an
EDLC possesses several advantages, such as a relatively long lifecycle, high power density,
and being lightweight [15]. Moreover, it has been confirmed that the activated carbon and
polymer electrolytes used in the capacitor system are compatible [16-18]. A moderately
large surface area, high electrical conductivity, low-priced cost, and excellent chemical
stability are the desired characteristics of activated carbon to be utilized in an EDLC [19].
High-performance, environmentally safe rechargeable batteries are in high demand across
the world. Commercially accessible electrochemical devices with high specific capacities
have yet to be developed [20]. Polymer electrolytes containing sodium salts have been
the subject of little study. When compared to lithium salts, sodium salts have numerous
benefits in the production of polymer electrolytes. The softness of sodium-based polymers
makes contact with other battery components simpler and more sustainable [21].

The magnesium and sodium-based rechargeable battery systems have recently gained
popularity owing to their performance characteristics, which are predicted to be comparable
to lithium-based rechargeable batteries. Magnesium is a desirable anode material since it
is cost-efficient and safer than lithium due to its natural availability [20,22]. As stated by
a recent analysis by Vignarooban et al. [23], sodium-ion batteries are gaining popularity
due to their availability and lower cost than lithium-ion batteries (Li). On the other
hand, potassium-based salts, such as potassium iodide (KI), have excellent cation mobility
through the electrolyte systems, enhancing ionic conductivity. This study reports the
successful incorporation of KI salt into the MC host polymer. The impact of glycerol on
the electrochemical properties of the system will be explored. Then, the EDLC device
performance based on the fabricated polymer electrolyte will be thoroughly investigated.
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2. Experimental Details
2.1. Materials and Sample Preparation

At ambient temperature, solution-cast solid polymer electrolytes based on MC:KI:glycerol
were created. To make a homogenous solution, the MC powder was first dissolved in
distilled water as a solvent and then rapidly mixed for 24 h using a magnetic stirrer. Along
with constant stirring, the exact quantities of KI (40 wt.%) salt were added to the MC
polymer solutions to produce polymer electrolytes. Then, MC-40% KI was glycerolized
via various amounts of glycerol ranging from 10 to 50 wt.% in stages of 10%. For MC:KI
integrated with 10, 20, 30, 40, and 50 wt.% of glycerol, the samples were classified as
MCPN1, MCPN2, MCPN3, MCPN4, and MCPNS5. The solution’s components were mixed
and then put onto plastic Petri dishes left undisturbed at room temperature to generate a
homogeneous solution. Before the EDLC characterization, the electrolytes were kept in a
blue silica gel desiccator for subsequent drying.

2.2. Fourier Transform Infrared (FTIR) Spectroscopy

A Thermo Scientific/Nicolet i510 FTIR spectrophotometer was used to examine pure
MC and MC-doped materials in the 4000-400 cm ! wavenumber range. Each spectrum

had a resolution of 2 cm~1.

2.3. Transference Number Measurement (TNM) and Linear Sweep Voltammetry (LSV)

Transference number measurement (TNM) was performed by using a V&A Instrument
DP3003 digital DC power supply, in which the ionic (f;) and electronic (f.) transference
numbers were determined. A Teflon container was used to encapsulate the prepared con-
ducting electrolyte between two identical stainless steel electrodes. At room temperature,
the cell perturbation was carried out with the voltage maintained at 0.20 V. On the other
hand, by recording linear sweep voltammetry (LSV), a Digi-IVY DY2300 potentiostat was
used to investigate the electrolyte electrochemical stability at a scan rate of 100 mV s~!. The
cell system diagram containing stainless steel electrodes for TNM and LSV measurements
is schematically shown in Figure 1.

Electrolyte

Stainless Steel Tetlon Case

Figure 1. The schematic drawing of the two stainless steel electrodes design for the investigation of
transference number measurement (TNM) and linear sweep voltammetry (LSV).

2.4. Electrical Double-Layer Capacitor (EDLC) Preparation

In a planetary ball miller, 0.25 g carbon black and 3.25 g activated carbon were mixed
before being added to a solution mixture of 15 mL N-methyl pyrrolidone (NMP) and
0.50 g polyvinylidene fluoride (PVdF). Following that, the final mixture became a thick,
black film.

A series of films were formed by cleaning aluminum foil with acetone and flattened
over a glass surface. The final solution mixture was placed over the cleaned aluminum
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foil and then covered using the doctor blade methodology. The films were cut into sliced
circulars with a geometric area of 2.01 cm? to produce electrodes. The films in the form
of electrodes were dried in the oven at 60 °C. For further drying and to keep them in a
dry state, electrode films were then put in a desiccator. To perform the measurements,
the most conductive electrolytes (the films in the form of electrodes) were sandwiched
between two activated carbon electrodes and put inside a CR2032 coin cell. To learn about
the EDLC characteristic, cyclic voltammetry (CV) was obtained at 10 mV s~!. The EDLC
charge-discharge patterns were examined using a Neware battery cycler with a constant
current density of 0.2 mA cm~2. Figure 2 depicts a typical EDLC cell construction for
charge-discharge applications.

Area =2.01 cm?

e SPE
<+——Activated carbon electrode

Aluminum foil

WW

Figure 2. Schematic diagram of the electrical double-layer capacitor (EDLC) cell used in the charge-
discharge measurement.

3. Result and Discussion
3.1. Fourier Transform Infrared (FTIR) Study

The FTIR spectra of MC:KI films containing dissimilar concentrations of glycerol
are shown in Figure 3. It is well-known that hydrogen bonding forces the frequencies
of stretching vibration of the bonds; therefore, IR spectroscopy can be informative when
studying MC-based electrolyte films [24]. In clean MC, the hydroxyl band lies in the
wavenumber range of 3447-3458 cm~ ! however, the range localizes between 1066 cm™!
and 1110 cm ™! [25]. The stretching vibrations of COO~ (symmetric), COO~ (asymmetric),
C-H (aliphatic), and O-H are attributed to the bands at 1422, 1608, 2931, and 3420 cm 1 [26].
O-H stretching at 3458 cm ! and C-H stretching at 2902 cm ™! are both absorption bands
in pure MC. The C-O stretching from the asymmetric oxygen bridge at 1646 cm™!
between 1065 and 1123 cm ™. Interestingly, the C-H bending of MC exhibits distinct small
absorption bands in the 1251-1455 cm ! range. Moreover, the C-H vibrations form small
bands in the 487-654 cm ™! range [27].

In the range of 3650 to 3500 cm ™!, the unbounded or free hydroxyl group absorbs
significantly. The occurrence of a hydrogen-bond hydroxyl group can affect absorption
to move to lower frequencies (below 3200 cm~!), causing the intensity to rise, the band
to expand, and an asymmetrical peak to form. The hydroxyl group in a polymer matrix
has an absorption, which is considered an indicator of hydrogen bonding interactions and
the strength of hydrogen bonds. In interpreting the spectra of MC films, the hydroxyl
stretching at 3466.5 cm ™! is critical [24]. In the spectra of MC films, the critical area lies
between 3800 and 3000 cm !

From the difficulties addressed here, the range 950~1250 cm ! was the most instructive.
In the IR spectra of cellulose and its ethers, this region features a complicated, strong
absorption band of methylcellulose, mainly due to stretching vibrations of C-O bonds [28].
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Figure 3. The Fourier transform infrared (FTIR) spectra of the prepared polymer electrolytes
(a) MCPN1, (b) MCPN2, (c) MCPN3, (d) MCPN4, and (e) MCPN5.

3.2. Impedance Analysis

The electrical characteristics of electrodes and polymer electrolytes can be studied
using electrochemical impedance [29]. Figure 4 shows the electrical impedance graphs
(Z; versus Z,) for all samples (a—e). From Figure 4a—e, there are two distinct regions: a
high-frequency semicircle and a low-frequency spike area. The spike area results from the
free charge gathering at the interfacial region, leading to the developing electric double
layer (EDL) capacitances [30].

In actuality, the complex impedance graphs in the low-frequency area should exhibit a
straight line equivalent to the imaginary axis, with an angle of 90°. However, the blocking
double-layer capacitance causes this inclination at the blocking electrodes [31,32].

As illustrated in Figure 4, the bulk resistance (R;) may be calculated using the high-
frequency region. It can be seen that two main features are recorded: high-frequency
semicircular area and low-frequency spike, as exhibited in Figure 4a—e. The decreasing
diameter of the high-frequency semicircle corresponds to increasing salt content and nearly
vanishes at 40 wt.% is noticed. It is also noticed that the high-frequency semicircular area is
absent in the impedance spectrum, indicating an increase in overall conductivity. This is
related to the ion migration at a relatively high salt quantity [33]. It is important to note that
the arc is completely absent, making DC conductivity determination virtually impossible
(see Figure 4d). DC conductivity was estimated by extrapolating the polarization “spike”
in the complex plane to its intersection with the real impedance, as shown in Figure 4d [34].
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Figure 4. Impedance plots of the (a) MC:KI film, (b) MCPN1, (c) MCPN2, (d) MCPNS3, (e) MCPIN4,

and (f) MCPN5.

For a variety of experiments, the electrical equivalent circuit (EEC) model was utilised.
The EEC is effortless to employ, rapid and gives a comprehensive picture of the whole
system. Thus, for impedance spectroscopy analysis, the model was performed [35]. At
both high salt quantity and temperatures, the spiketail elongates in the spectra of polymer
electrolytes [36]. EEC modeling senses all the circuit components, such as the resistance
or capacitance of the samples. The fitting impedance spectra with the EEC model for the
chosen samples are shown in Figure 4a—e. As shown, the ideal way to depict the impedance
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of the MC is to use a parallel combination of resistance and CPE (see inset). It is concluded
that the films are excellent insulators by showing a relatively high resistivity.

It can be observed that any sample containing 30% glycerol results in a spike and an
incomplete semicircle at low and high frequencies, respectively. The connection between R;,
and CPE can be seen in the high-frequency area, and the CPE or the generated double-layer
capacitance localizes at the low-frequency zone. In such circumstances, the term CPE in the
circuit is sometimes used in the ideal capacitor. This is because the SPE behaves differently
than an ideal capacitor operating in a pure semicircular pattern; in other words, the SPEs
are a pseudo capacitor [37,38].

In addition to the CPE capacitor behavior, which explains the depressed
semicircle [39-41], the low-frequency tail is added as additional CPE. At 40 wt.% of plasti-
cizer, only a spike can be seen, confirming the typical diffusion process. In this system, the
EEC is represented by a sequence existence of R; and CPE [41-43], as demonstrated in an
inset in Figure 4d. In the EEC model for MC-KI-glycerol, the impedance of Zcpg appears in
the form of a parallel combination [39-41]:

cos(rn/2)  .sin(mn/2)
Y, w J Y, wh

Zcpe = @
where Y}, is the CPE capacitance, w is the angular frequency, and n denotes the divergence
of the vertical axis of the plot inside the complex impedance plots.

Furthermore, for the equivalent circuit (insets of Figure 4a), the real (Z,) and imag-
inary (Z;) values of complex impedance (Z*) can be stated according to the following
mathematical equation [41]:

Rq + R¥Yqw™ cos(mtny /2)
1+ 2Ry Yiw™ cos(7tny /2) + R3YZw?M

Zr = Rs + (2)

B R3Yjw™ sin(rtny /2)
14 2Ry Yiw™ cos(mtny /2) + R2YZw?m

i ®)
An incomplete semicircle with a spike (see Figure 4c) can be seen in a Cole-Cole plot
with a particular high plasticizer concentration. To match the experimental data points,
two constant phase components, one in parallel and the other in series, are essential due
to the tail. For the analogous circuit (insets of Figure 4b), the complex impedance (Z*)
components, the real (Z;) and imaginary (Z;) values can also be written as [39,40]:

Ry + R3Yjw™ cos(rny /2) cos(7tny /2)
Zr =Rs 22, 2 n (4)
1+ 2R Yiw™ cos(mny /2) + R{Y{w?™ Yow™
o R3Yjw™ sin(7ny /2) sin(7tny /2) 5)
" 14 2R Yqw™ cos(rmtng /2) + R2YZw?m Yow™

The semicircle vanishes in the Cole—Cole plot at 40 wt.% of glycerol, as shown in
Figure 4d, indicating that the polymer’s resistive component is dominant [40]. The Z, and
Z; values associated with the EEC, in this case, can be expressed mathematically as follows:

_ cos(mtn/2)
Zy =Rt — -0~ (6)
~_sin(mn/2)
7= 2 )

Various ion transport parameters along with different circuit element parameters are
calculated and presented in Tables 1 and 2.
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Table 1. Ion transport parameters of different plasticized systems.

Sample Ogc (S/em) D u n
MC:KI 1.19 x 108 - - -
MCPN1 1.54 x 1078 - - -
MCPN2 1.30 x 1076 227 x 10711 8.85 x 10710 9.14 x 10
MCPN3 9.35 x 107° 1.14 x 10711 444 x 10710 1.31 x 10%
MCPN4 1.40 x 1074 2.31 x 1076 8.99 x 10~° 9.73 x 1018
MCPN5 5.14 x 10~* 1.79 x 107 6.97 x 10~° 461 x 1019

Table 2. Calculated different circuit parameters for the prepared polymer electrolytes.

Sample pl p2 CPE1 CPE2
MC:KI 0.76 - 2.86 x 1077 -
MCPN1 0.72 - 3.70 x 1077 -
MCPN2 0.87 0.52 8.33 x 1010 1.57 x 1076
MCPN3 0.86 0.69 333 x 1077 7.69 x 1076
MCPN4 - 0.44 - 8.33 x 107
MCPN5 - 0.39 - 1.45 x 10~

3.3. Transference Number Measurement (TNM) Study

In order to employ the polymer electrolyte for application, TNM and LSV must be
investigated. A polymer electrolyte’s major charge carrier species must be identified, which
can be done through transference number analysis (TNM). The ratio of steady-state current
(Iss) to initial current (I;) can be used to determine the ion (;) and electron (t,) transference
numbers, as illustrated below:

_ Ii — Iss
=

Figure 5 illustrates the polarization curve of current vs. time for the optimal conducting
electrolyte. Before reaching a constant value of 71 pA, the current is rapidly reduced.

Because only electrons can flow from side to side the stainless steel electrodes, this
speedy decline indicates that the primary charge carrier is ionic rather than electronic. The
electrodes that are made of stainless steel impede ion transfer; thus, there is noteworthy
decay in current value until it reaches almost constant at 4 pA [44].

The behavior of an ionic conductor is depicted in this phenomenon. The electrolyte’s
ionic conductor behavior is indicated by the constant current value [45]. As a result,
the electrolyte’s t; and t, transference numbers are 0.964 and 0.046, respectively. This
demonstrates that the electrolyte’s primary charge carrier is an ion. In contrast, the ionic
transference number found in this study is quite comparable to that reported in previous
research. Polyvinyl alcohol (PVA)- Magnesium acetate tetrahydrate (Mg(CH3COO);)
and PVA- magnesium nitrate (Mg(NO3);) had ionic transference values of 0.96 and 0.98,
respectively, according to Polu and co-workers [46,47].

For Poly(methyl methacrylate) (PMMA): lithium triflate (LiCF3503), Othman, and
co-workers [48] reported t; values ranging from 0.93 to 0.98. (LiCF3SO3). As a result,
the large transference number may be linked to the microscopic parameter’s influence of
polymer—ion and ion—ion interactions.

ti (8)
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Figure 5. The polarization current against time for the MC-KI-glycerol film with the highest conduc-
tivity.

3.4. LSV Analysis

One of the requirements of polymer electrolytes to be utilized in energy storage devices
is determining electrochemical potential stability. From the response of LSV, one can
determine the decomposition potential of the conducting electrolyte, as shown in Figure 6.
It can be seen that below 1.5 V, no recording of current, indicating no electrochemical
decomposition of the electrolyte before this value of potential.

The potential choice tells us the stop working point of the polymer electrolyte at which
the polymer electrolyte will not work at higher than this threshold. In this study, at 2.2V,
the current increase tremendously indicates the impossibility of using electrolytes [49].
Monisha and co-workers [50] state that current passes through the cells at the threshold
voltage due to desired electrochemical reactions. In contrast, beyond this, a massive current
passes as a consequence of electrolyte breakdown [51]. As reported in the literature, the
chitosan-methylcellulose-NH4SCN system shows electrochemical stability up to 1.8 V,
which is relatively high. In another study, a lithium salt-based biopolymer electrolyte
with a decomposition voltage of 2.10 V was recorded by Shukur and co-workers [52].
In addition, the carboxymethylcellulose- ammonium thiocyanate (NH4SCN) system has
shown electrochemical stability of 1.6 V [53]. In protonic devices, the electrochemical
window is widely known to be around 1.0 V [54]. The present results are comparable
with that reported for ammonium salt-based polymer electrolytes where a plasticized MC
system including NH4Br exhibits electrochemical stability up to 1.53 V [55]. Woo and
co-workers [56] studied poly (e-caprolactone) (PCL)-based polymer electrolytes, recording
1.4 V as maximum potential stability.

In proton-based energy devices, the conducting electrolyte of the MC-KI-glycerol
system can often be used as an electrode separator. According to the findings of this study,
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a relatively high conducting electrolyte has the potential stability needed for energy storage
device applications.

1.58

1.38 1

1.18

0.98

0.78 1

0.58

Current density (mA/cm®)

0.38 1

0.18 1

-0.02

0 0.5 1 1.5 2 2.5 3
Applied potential (V)

Figure 6. The LSV plot of the MC-KI-glycerol film with the highest conductivity.
3.5. Cyclic Voltammetry (CV) and EDLC Characteristics

Figure 7 shows the cyclic voltammetry (CV) results for the constructed EDLC at various
scan speeds. Potentiodynamic electrochemical measurement is used to determine CV. In
this analytic approach, the electrode potential is determined linearly in relation to time.
The electrode potential can also be shown as a function of time. The cyclic voltammogram
trace shows the current versus the applied voltage concerning the working electrode [57].
The CV comeback is a leaf-like form, which is comparatively rectangular. This electrolyte
system feature indicates the occurrence of a supercapacitor in EDLC assembly, which is
appropriate for utilization.

The lack of a redox peak, which indicates a non-faradaic process in the manufactured
supercapacitor and therefore confirms its EDLC behavior [58], confirms that electrons
have little involvement. This is owing to activated carbon’s porous structure and internal
resistance [59]. Internal resistance and electrode porosity caused the voltage to be current-
dependent, making the CV plot less ideal rectangular [60].

Additionally, the CV plot shows no redox peak, indicating that the activated carbon
electrodes’ surface has a charge double-layer [61]. The following equation can be used to
obtain the EDLC’s specific capacitance (Cspe) from the CV plot:

Jp2 1(v)dv

Coe 2m (Vo — V1) (%)

)

The area of the CV plot [ ‘Z 2 I(V)dV produced from the OriginPro 8.5 program is shown

below. (V, — V) is the potential range, and ‘%/ is the scan rate [62]. m is the activated
material mass (activated carbon). The constructed EDLC has a Cspe of 39.32 F g_l. The Cspe
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from the charge-discharge analysis will be compared to this number. The capacitance at
different scan rates was determined and is tabulated in Table 3.

3
2 |
& 1
&
o
<
&
2
‘B 0
=1
5
£ /
[}
5
-1
—100 mVE
‘ 50 mV/s
2 ‘ —20 mV/s ‘
—10mV/s
e
-3
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Cell potential (V)

Figure 7. The cyclic voltammetry (CV) for the fabricated EDLC at various scan rates.

Table 3. Specific capacitance (C;) of the EDLCs using CV curves.

Scan Rate V2 -V1 Capacitance
0.1 0.9 16.42
0.05 0.9 23.23
0.02 0.9 31.32
0.01 0.9 39.32

3.6. Charge—Discharge Characteristics

The charge—discharge characteristics of the fabricated EDLC are examined using a
galvanostatic technique. Figure 8 displays the charge—discharge curve of the manufactured
EDLC in the 0 to 1 V potential range at 0.5 mA cm 2.

The discharge slope is approximately linear, showing that the EDLC is capacitive [63].
Once the slope of the discharge curve (s) has been established, the specific capacitance (Cs)
can be calculated using the following equation:

Cs = —

- — (10)

The constant current is 7, and the active material mass is m, which is the mass of active
carbon. The change of specific capacitance, C;, for the built EDLC up to 400 cycles is shown
in Figure 9. The Cp rises to 115 F g ! in the fifth cycle and remains constant at 96 F g~
until the 400th cycle.
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Figure 8. The charge-discharge plot of the fabricated EDLC at 0.5 mA cm ™2 in the potential range of
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Figure 9. Variation of specific capacitance, Cs for the constructed EDLC up to 400 cycles.

In the literature, there are two critical records of the specific capacitance values,
which are 2.6-3.0 and 1.7-2.1 F g~! corresponding to EDLC cells using Mg- and Li-based
Polyethylene glycol (PEO) polymer electrolytes mixed with ionic liquids [64]. Herein,
the specific capacitance obtained for the system studied is more significant. Also, the
maximum Cgp, achieved for the current system is higher than that documented by Mukta
Tripathi and SK. Tripathi [65] for an ionic liquid-based gel polymer electrolyte (61.7 F g~ 1).
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The current work’s specific capacitance is comparable to that reported by Boonen and
co-workers [66], which is around 87.3 F/g, and by Latoszyniska et al. [67], which is about
90 F/g, for gel-based polymer electrolytes.

As a result, polymer blending may be a sole approach to make EDLC with a high
specific capacitance at room temperature. The findings of this study might lead to new
insights on EDLC manufacturing using natural biopolymers with proton ion conductors.
In previous studies, increasing the number of cycles resulted in a significant decrease in
Cspe- The development of ion aggregation is thought to be responsible for decreasing these
electrochemical characteristics of EDLC.

After the fast charge and discharge cycling, the mobile ions favor being aggregated,
resulting in obstructions to ionic transport within the polymer electrolyte. This reduces the
amount of ion adsorption at the electrode—electrolyte interface by decreasing ion adsorption
at the carbon pores. The EDLC’s specific capacitance, power density, and energy density
are all known to decrease as the cycle number rises [68].

The Csp, value found in this study is higher than that published in the literature.
Table 4 compares the Cgp, of the constructed EDLC to that of earlier studies utilizing various
polymer electrolytes. In the table H3PO, = orthophosphoric acid, Al,SiOs = aluminum
silicate, NH4;NOj3; = ammonium nitrate, NH4,C,H30, = ammonium acetate, LiTf = lithium
triflate, EMITf = 1-ethyl-3-methylimidazolium trifluoromethanesulfonate.

Table 4. Proton-based EDLC studies with their relative specific capacitance value.

SPE System Cs (F/g) Cycles Reference
Chitosan-H3POy4-Al,SiO5 0.22 100 [69]
ChitOSﬁn-H3P04—NH4N03—AleiO5 0.25 100 [69]
PVA-NH,C,H30, 0.14 Not stated [70]
MC-NH4NO; 1.67 100 [71]
PEO-LiTf-EMIT{ 1.70 Not stated [64]

MC-KI-Glycerol 96 400 This work

The equivalent series represents the internal resistance of the EDLC and can be found
from the resistance R,s-. From the following relationship, it is possible to determine the

EDLC’S Resy: y
Resr - Td (1 1)

A remarkable voltage drop (V) before each discharging operation can be seen in
Figure 8. The voltage drop lies between 0.04 to 0.12 V, caused by internal resistance
within the EDLC. Three different resistances within EDLC can be counted: the current
collector, the bulk of the electrolyte, and the interfacial area between the electrodes and
electrolyte [72-74].

The Res; of the EDLC at 400 cycles is exhibited in Figure 10. The R.s, varies from 70 to
310 Q). It is worth noting that the weakening of the solid polymer electrolytes in the EDLC
investigated by Kumar and Bhat [74] occurs owing to the boost in voltage drop during the
charge-discharge cycle, which leads to an increase in ESR. When ESR is taken into account,
the ionic liquid integrated with poly (ethylene oxide) (PEO)-based polymer electrolyte
has a value of 1300 ) [64], while the existing electrolyte has a value that is relatively low.
Asmara et al. [75] recorded a low R, value for compatible electrode—electrolyte contact,
implying that ions move quickly from the electrolyte to the electrode surface, creating an
electrical double-layer.

Another significant metric for the EDLC’s cycle stability is coulombic efficiency (7,
and it can be computed using the following formula:

n= iﬁ x 100 (12)

c
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where t; and t. stand for discharge and charge times, respectively. Figure 11 depicts the 5
of the EDLC after 400 cycles. At the first cycle, the coulombic efficiency # is 67%, increasing
to 93% and 96% at the 50th and 100th cycles, respectively. At the 200th cycle, it is 97%, then
drops to 95% and stays there until the 400th cycle. The EDLC is thought to have credible
electrode-electrolyte contact since the # is more than 90% [76,77]. An earlier study has
recorded 96.1% for an EDLC device over 300 cycles composed of a PVA host doped with
40 wt.% potassium iodide (KI) and 40 wt.% glycerol [38]. In another work, the fabricated
ELDC device with polymer-based electrolyte consisted of chitosan-magnesium acetate
Mg(CH3COO); and reached an average efficiency of 96.1% up to 1000 cycles [51].

The manufactured EDLC’s energy density (E;) may be determined using the equation:

GV
)

Eq (13)
where V equals 1 V in this case. Figure 12 illustrates the constructed EDLC’s energy density
(E4) across 400 cycles. E; is 7.88 Wh kg_1 in the first cycle, as seen in the diagram. From the
200th cycle, the E, rises to 13.81 Wh kg~ ! and subsequently declines to 11 Wh kg~ 1.

It can be observed that the energy barrier for ion transport is almost constant from
the 10th to the 100th cycles [78]. Mukta Tripathi and SK. Tripathi reported an energy
density of 11 Wh Kg_1 for the current EDLC assembly, which is significantly greater
than that reported for ionic liquid-based gel electrolytes [65]. Furthermore, compared
to the earlier study, the present energy density was significantly higher than that for
chitosan:dextran (Dex) studies (1.4 Wh l<g_l and 0.86 Wh kg_l) using NH4F and LiClO4
salts, respectively [79,80]. Unfortunately, it is less than the value reported (8.63 Wh kg 1)
for biopolymer mix electrolytes containing NH4SCN [81]. Furthermore, an average of
7 Wh/kg energy density for plasticized CS-LiClOy system is achieved over 300 cycles [18].

Figure 13 shows the power density (P;) for the constructed EDLC over 400 cycles, as
computed using the equation:

VZ
Fa= 4mResy

(14)

500
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Figure 10. The R of the EDLC for 400 cycles.
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Figure 11. The 7 of the EDLC up to 400 cycles.
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Figure 12. The energy density (E;) for the assembled EDLC throughout 400 cycles.
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Figure 13. Power density (P;) for the assembled EDLC throughout 400 cycles.

The P, of 1360 W kg1 and 500 W kg~ ! were recorded at the 1st and 50th cycles,
respectively. From the 50th to the end of the cycles (400th cycle), the value of P is 302 to
370 W kg~ !, respectively. An average of 340 W kg~! has been recorded over the whole
cycling process. A comparable trend of R.s» and power density patterns of the EDLC have
been obtained, as shown in Figure 13. Coromina and co-workers [82] demonstrated that the
energy stored in EDLCs could be supplied via aqueous HySOj or ionic liquid electrolytes,
achieving a power density of more than 1 kW kg~!, bridging the gap between EDLCs and
batteries. Moreover, Hadi et al. documented a 300 W /kg power density over 400 cycles
for chitosan host doped with ammonium iodide and Zn(II)-complex and plasticized with
glycerol [19]. According to the current study results, it is possible to construct EDLC cells
with a high power density using biopolymer-based mix electrolytes. It has been established
that energy and power densities are directly related to active material mass loading and
other parameters.

Energy and power density are inversely proportional to mass loading. Therefore, low
mass loading and low current always result in improved electrochemical performance,
according to reference [83].

Table 5 provides the EDLC device performance for various MC polymer-based elec-
trolyte systems. The present work and those published previously highlights the fact that
biopolymers are significant for polymer electrolyte preparation and device fabrication.
The necessity for bendy energy storage devices including EDLCs and batteries for new
technologies is encouraging researchers to invent and discover new materials. Of course,
problems in this field are that devices based on biopolymers are not stable for higher cycle
numbers. From the above analysis of energy and power densities of current EDLC devices
and comparison to previously fabricated devices (see Table 5), it can be concluded that some
critical factors can contribute in achieving better device performance. First, selection of the
host polymer matrix is among the critical components and plays the key role in getting
good device performance. In EDLC application the host polymer should provide good
ionic conduction along with suitable chemical, thermal and mechanical stability. These
properties give the fabricated EDLC device good outputs and long cyclability. Second,
choosing a suitable dopant salt is another important constituent that need to be taken into
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consideration during employment of the polymer electrolyte in electrochemical device
applications. Salts with low lattice energy can easily undergo the dissociation process,
while large lattice energy salts cannot be dissociated simply by the host medium which also
creates a free carrier issue. Moreover, using plasticizer can improve ionic conduction, how-
ever, the inclusion of large amount can cause mechanical weakness and increase reaction
toward the electrodes. From the above discussion it can be concluded that finding suitable
polymer-based electrolytes that lead to both high energy and power density along the range
cycle is quite challenging and needs thorough scientific exploration. Our research group
works to generate polymer electrolyte films with high conductivity and high-quality device
performance. To the best of our knowledge, all obtained results based on biopolymers
should be presented to the scientific community in order to shed light on the progress
in this field. The achieved results promise to produce devices with high performances
in the future; but of course, this needs more attention of scientists. The devices based
on biopolymers are crucial to be focused because they are totally non-toxic and avoid
poisonous materials. As mentioned above, numerous factors including functional groups
on the polymer chain backbone, lattice energy of salt and plasticizers affect the performance
of the devices. Thus, different polymers, salts or plasticizers should be examined and
their results must be presented for the scientific community in the form of research articles.
Nonetheless, the achieved EDLC device performance based on biopolymers so far has been
promising, and higher performance in the near future is expected.

Table 5. Polymer-based electrolyte EDLC device performance.

Energy Density =~ Power Density Cycle

SPE System (Wh kg-1) (W kg-1) Number Ref.
MC-PEG-NH4NO; 3.9 140 4 [71]
PS-MC-NH4NO;-glycerol 2.3 385 1000 [62]
CS-MC-NHylI-glycerol 0.77 578 100 [84]
MC-Dex-NHy1 6.3 170 100 [85]
CS-MC-NH4SCN 8.63 555 100 [81]
CS:MC:NH4I - - 100 [61]
MC-KI-Glycerol 11 340 400 This work

NHyI = ammonium iodide, PEG = polyethylene glycol, PS= potato starch.

4. Conclusions

A biopolymer electrolyte based on MC:KI with various quantities of glycerol plasticizer
was produced for EDLC device applications. FTIR spectra were used to validate the
interactions and complexation between the electrolyte components. The EIS data showed
that when the glycerol content grew from 10% to 50%, the resistance to charge transfer at
the bulk of the electrolyte reduced due to an increase in charge carrier density. EEC models
were utilized to determine the ion transport parameters such as carrier density, diffusion
and mobility. The electrolyte containing 40 wt.% glycerol exhibited the highest conductivity,
measuring 5.14 x 10~*S/cm. In TNM experiments, the (t;,,,) was determined to be 0.964,
suggesting that ions were the primary charge carrier. The most conducting sample exhibited
an electrochemical stability window of up to 2.2 V, validating the electrolyte’s suitability
for the EDLC, according to the LSV research. The CV response had no discernible redox
peak, indicating capacitance behavior. Cs, 17, E;, and P; were discovered to have starting
values of 68 F/g, 67%, 7.88 Wh/kg, and 1360 Wh/kg, respectively.

Author Contributions: Conceptualization, S.B.A., M.EZ K. and SI.A.-S.; Data curation, A.RM.;
Funding acquisition, EM.A.D., M.M.N. and S.I.A.-S.; Investigation, S.B.A. and R.T.A.; Methodol-
ogy, S.B.A. and R.T.A.; Project administration, S.B.A., EM.A.D., M.FZ K. and M.M.N.; Validation,
EM.AD,MFEZK,MMN,, SIA.-S. and A.RM.; Writing—original draft, S.B.A.; Writing—review
and editing, EM.A.D., RT.A,, MEZK.,, M\M.N,, SI1.A.-S. and A.RM. All authors have read and
agreed to the published version of the manuscript.



Membranes 2022, 12, 139 18 of 21

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: We would like to acknowledge all support for this work by the University of
Sulaimani, Prince Sultan University and Komar University of Science and Technology. The authors
would like to acknowledge the support of Prince Sultan University for paying the Article Processing
Charges (APC) of this publication and for their financial support. The authors express their gratitude
to the support of Princess Nuourah Bint Abdulrahman University, Researchers Supporting Project
Number (PNURSP2022R58), Princes Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Hadi, J.M.; Aziz, S.B.; Mustafa, M.S.; Brza, M.A.; Hamsan, M.H.; Kadir, M.F.Z.; Ghareeb, H.O.; Hussein, S.A. Electrochemical
Impedance study of Proton Conducting Polymer Electrolytes based on PVC Doped with Thiocyanate and Plasticized with
Glycerol. Int. ]. Electrochem. Sci. 2020, 15, 4671-4683. [CrossRef]

Maitra, A.; Heuer, A. Understanding Correlation Effects for Ion Conduction in Polymer Electrolytes. J. Phys. Chem. B 2008, 112,
9641-9651. [CrossRef] [PubMed]

Pradhan, D.K.; Samantaray, B.; Choudhary, R.; Thakur, A.K. Effect of plasticizer on structure—property relationship in composite
polymer electrolytes. ]. Power Sources 2005, 139, 384-393. [CrossRef]

Shukla, N.; Thakur, A.K.; Shukla, A.; Marx, D.T. Ion Conduction Mechanism in Solid Polymer Electrolyte: An Applicability of
Almond-West Formalism. Int. J. Electrochem. Sci. 2014, 9, 7644-7659. Available online: http:/ /electrochemsci.org/papers/vol9/9
1207644.pdf (accessed on 17 December 2021).

Kuo, C.W.,; Li, W.B; Chen, P.R; Liao, ] W.; Tseng, C.G.; Wu, T.Y. Effect of Plasticizer and Lithium Salt Concentration in PMMA-
Based Composite Polymer Electrolytes. Int. ]. Electrochem. Sci. 2013, 8, 5007-5021. Available online: http:/ /electrochemsci.org/
papers/vol8/80405007.pdf (accessed on 17 December 2021).

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 Sources 2009,
191, 601-613. [CrossRef]

Mulmi, S.; Park, CH.; Kim, HK; Lee, C.H.; Park, H.B.; Lee, Y.M. Surfactant-assisted polymer electrolyte nanocomposite
membranes for fuel cells. J. Membr. Sci. 2009, 344, 288-296. [CrossRef]

Ibrahim, S.; Johan, M.R. Thermolysis and Conductivity Studies of Poly(Ethylene Oxide) (PEO) Based Polymer Electrolytes Doped
with Carbon Nanotube. Int. |. Electrochem. Sci. 2012, 7, 2596-2615. Available online: http://www.electrochemsci.org/papers/
vol7/7032596.pdf (accessed on 17 December 2021).

Ng, W.; Chai, M.N.; Isa, M. Proton Conducting Carboxy Methyl Cellulose Solid Polymer Electrolytes Doped with Citric Acid.
Adv. Mater. Res. 2014, 895, 130-133. [CrossRef]

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

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, 8, 13426-13436.
[CrossRef] [PubMed]

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

Pinotti, A.; Garcia, M.; Martino, M.; Zaritzky, N. Study on microstructure and physical properties of composite films based on
chitosan and methylcellulose. Food Hydrocoll. 2007, 21, 66-72. [CrossRef]

Shobana, V.; Parthiban, P.; Balakrishnan, K. Lithium based battery-type cathode material for hybrid supercapacitor. J. Chem.
Pharm. Res. 2015, 7, 207-212.

Kamarudin, K.H.; Hassan, M.; Isa, M.ILN. Lightweight and Flexible Solid-State EDLC Based on Optimized CMC-NH4NOj Solid
Bio-Polymer Electrolyte. ASM Sci. J. 2018, 11, 29-36. Available online: https://www.akademisains.gov.my/asmsj/?mdocs-file=
3527 (accessed on 17 December 2021).

Shukur, M.EA. Characterization of Ion Conducting Solid Biopolymer Electrolytes Based on Starch—Chitosan Blend and Applica-
tion in Electrochemical Devices. 2015. Available online: http://studentsrepo.um.edu.my/5943/2/2_Preface.pdf. (accessed on 17
December 2021).

Heimbockel, R.; Hoffmann, F.; Froba, M. Insights into the influence of the pore size and surface area of activated carbons on the
energy storage of electric double layer capacitors with a new potentially universally applicable capacitor model. Phys. Chem.
Chem. Phys. 2019, 21, 3122-3133. [CrossRef] [PubMed]


http://doi.org/10.20964/2020.05.34
http://doi.org/10.1021/jp711563a
http://www.ncbi.nlm.nih.gov/pubmed/18636769
http://doi.org/10.1016/j.jpowsour.2004.05.050
http://electrochemsci.org/papers/vol9/91207644.pdf
http://electrochemsci.org/papers/vol9/91207644.pdf
http://electrochemsci.org/papers/vol8/80405007.pdf
http://electrochemsci.org/papers/vol8/80405007.pdf
http://doi.org/10.1016/j.jpowsour.2009.01.100
http://doi.org/10.1016/j.memsci.2009.08.028
http://www.electrochemsci.org/papers/vol7/7032596.pdf
http://www.electrochemsci.org/papers/vol7/7032596.pdf
http://doi.org/10.4028/www.scientific.net/AMR.895.130
http://doi.org/10.4236/jcpt.2013.31001
http://doi.org/10.1021/acsami.6b02903
http://www.ncbi.nlm.nih.gov/pubmed/27153318
http://doi.org/10.1016/j.synthmet.2010.02.023
http://doi.org/10.1016/j.foodhyd.2006.02.001
https://www.akademisains.gov.my/asmsj/?mdocs-file=3527
https://www.akademisains.gov.my/asmsj/?mdocs-file=3527
http://studentsrepo.um.edu.my/5943/2/2_Preface.pdf.
http://doi.org/10.1039/C8CP06443A
http://www.ncbi.nlm.nih.gov/pubmed/30675602

Membranes 2022, 12, 139 19 of 21

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Aziz, S.B.; Asnawi, A.S.; Mohammed, P.A.; Abdulwahid, R.T.; Yusof, YM.; Abdullah, RM.; Kadir, M. Impedance, circuit
simulation, transport properties and energy storage behavior of plasticized lithium ion conducting chitosan based polymer
electrolytes. Polym. Test. 2021, 101, 107286. [CrossRef]

Hadi, ].M.; Aziz, S.B.; Saeed, S.R.; Brza, M.A.; Abdulwahid, R.T.; Hamsan, M.H.; Abdullah, R.M.; Kadir, M.E.Z.; Muzakir, S.K.
Investigation of Ion Transport Parameters and Electrochemical Performance of Plasticized Biocompatible Chitosan-Based Proton
Conducting Polymer Composite Electrolytes. Membranes 2020, 10, 363. [CrossRef]

Pandey, G.P.,; Hashmi, S. Experimental investigations of an ionic-liquid-based, magnesium ion conducting, polymer gel electrolyte.
J. Power Sources 2009, 187, 627—634. [CrossRef]

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

Pandey, G.P; Agrawal, R.; Hashmi, S. Magnesium ion-conducting gel polymer electrolytes dispersed with nanosized magnesium
oxide. J. Power Sources 2009, 190, 563-572. [CrossRef]

Vignarooban, K.; Kushagra, R.; Elango, A.; Badami, P.; Mellander, B.-E.; Xu, X.; Tucker, T.; Nam, C.; Kannan, A. Current trends
and future challenges of electrolytes for sodium-ion batteries. Int. J. Hydrogen Energy 2016, 41, 2829-2846. [CrossRef]

Turhan, K.; Sahbaz, F,; Giiner, A. A Spectrophotometric Study of Hydrogen Bonding in Methylcellulose-based Edible Films
Plasticized by Polyethylene Glycol. J. Food Sci. 2001, 66, 59-62. [CrossRef]

Aziz, N.A.N,; Idris, N.K,; Isa, M.LLN. Solid Polymer Electrolytes Based on Methylcellulose: FT-IR and Ionic Conductivity Studies.
Int. J. Polym. Anal. Charact. 2010, 15, 319-327. [CrossRef]

Zhu, Y,; Xiao, S.; Li, M.; Chang, Z.; Wang, F,; Gao, ].; Wu, Y. Natural macromolecule based carboxymethyl cellulose as a gel
polymer electrolyte with adjustable porosity for lithium ion batteries. J. Power Sources 2015, 288, 368-375. [CrossRef]

Tung, S.; Duman, O.; Polat, T.G. Effects of montmorillonite on properties of methyl cellulose/carvacrol based active antimicrobial
nanocomposites. Carbohydr. Polym. 2016, 150, 259-268. [CrossRef]

Buslov, D.K,; Sushko, N.I; Tretinnikov, O.N. Study of thermal gelation of methylcellulose in water using FTIR-ATR spectroscopy.
J. Appl. Spectrosc. 2008, 75, 514-518. [CrossRef]

Svensson, A.M.; Valgen, L.O.; Tunold, R. Modeling of the impedance response of porous metal hydride electrodes. Electrochimica
Acta 2005, 50, 2647-2653. [CrossRef]

Aziz, S.B.; Abidin, ZH.Z.; Arof, A K. Influence of silver ion reduction on electrical modulus parameters of solid polymer
electrolyte based on chitosan-silver triflate electrolyte membrane. Express Polym. Lett. 2010, 4, 300-310. [CrossRef]

Jacob, M.; Prabaharan, S.; Radhakrishna, S. Effect of PEO addition on the electrolytic and thermal properties of PVDF-LiClO4
polymer electrolytes. Solid State Ionics 1997, 104, 267-276. [CrossRef]

Fonseca, C.P,; Cavalcante, F.; Amaral, FA.; Souza, C.A.Z.; Neves, S. Thermal and Conduction Properties of a PCL-Biodegradable
Gel Polymer Electrolyte with LiClOy, LiF3CSOs3, and LiBF4 Salts. Int. ]. Electrochem. Sci. 2007, 2, 52-63. Available online:
http:/ /www.electrochemsci.org/papers/vol2/2010052.pdf (accessed on 17 December 2021).

Pradhan, D.K.; Choudhary, R.N.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. Available online: http://www.
electrochemsci.org/papers/vol2/2110861.pdf (accessed on 17 December 2021).

Aziz, S.; Nofal, M.; Kadir, M.; Dannoun, E.; Brza, M.; Hadi, J.; Abdullah, R. Bio-Based Plasticized PVA Based Polymer Blend
Electrolytes for Energy Storage EDLC Devices: Ion Transport Parameters and Electrochemical Properties. Materials 2021, 14, 1994.
[CrossRef] [PubMed]

Brza, M.; Aziz, S.; Anuar, H.; Alshehri, S.; Ali, F; Ahamad, T.; Hadji, ]J. Characteristics of a Plasticized PVA-Based Polymer
Electrolyte Membrane and H* Conductor for an Electrical Double-Layer Capacitor: Structural, Morphological, and Ion Transport
Properties. Membranes 2021, 11, 296. [CrossRef]

Rajendran, S.; Babu, R.S.; Sivakumar, P. Investigations on PVC/PAN composite polymer electrolytes. J. Membr. Sci. 2008, 315,
67-73. [CrossRef]

Nofal, M.M.; Hadi, ].M.; Aziz, S.B.; Brza, M.A.; Asnawi, A.S.EM.; Dannoun, EM.A,; Abdullah, A.M.; Kadir, M.F.Z. A Study of
Methylcellulose Based Polymer Electrolyte Impregnated with Potassium Ion Conducting Carrier: Impedance, EEC Modeling,
FTIR, Dielectric, and Device Characteristics. Materials 2021, 14, 4859. [CrossRef]

Aziz, S.B.; Asnawi, A.S.; Abdulwahid, R.T.; Ghareeb, H.O.; Alshehri, S.M.; Ahamad, T.; Hadi, ].M.; Kadir, M. Design of potassium
ion conducting PVA based polymer electrolyte with improved ion transport properties for EDLC device application. J. Mater. Res.
Technol. 2021, 13, 933-946. [CrossRef]

Aziz, S.B.; Abdullah, R.M.; Kadir, M.F.Z.; Ahmed, H.M. Non suitability of silver ion conducting polymer electrolytes based on
chitosan mediated by barium titanate (BaTiO3) for electrochemical device applications. Electrochim. Acta 2019, 296, 494-507.
[CrossRef]

Asnawi, A.S.EM.; Aziz, S.B.; Saeed, S.R.; Yusof, YM.; Abdulwahid, R.T.; Al-Zangana, S.; Karim, W.O.; Kadir, M.EZ. Solid-
State EDLC Device Based on Magnesium Ion-Conducting Biopolymer Composite Membrane Electrolytes: Impedance, Circuit
Modeling, Dielectric Properties and Electrochemical Characteristics. Membranes 2020, 10, 389. [CrossRef]

Teo, L.P.,; Buraidah, M.H.; Nor, A.EM.; Majid, S.R. Conductivity and dielectric studies of Li;SnO3. Ionics 2012, 18, 655-665.
[CrossRef]


http://doi.org/10.1016/j.polymertesting.2021.107286
http://doi.org/10.3390/membranes10110363
http://doi.org/10.1016/j.jpowsour.2008.10.112
http://doi.org/10.1140/epje/i2005-10076-8
http://doi.org/10.1016/j.jpowsour.2009.01.057
http://doi.org/10.1016/j.ijhydene.2015.12.090
http://doi.org/10.1111/j.1365-2621.2001.tb15581.x
http://doi.org/10.1080/1023666X.2010.493291
http://doi.org/10.1016/j.jpowsour.2015.04.117
http://doi.org/10.1016/j.carbpol.2016.05.019
http://doi.org/10.1007/s10812-008-9081-y
http://doi.org/10.1016/j.electacta.2004.11.035
http://doi.org/10.3144/expresspolymlett.2010.38
http://doi.org/10.1016/S0167-2738(97)00422-0
http://www.electrochemsci.org/papers/vol2/2010052.pdf
http://www.electrochemsci.org/papers/vol2/2110861.pdf
http://www.electrochemsci.org/papers/vol2/2110861.pdf
http://doi.org/10.3390/ma14081994
http://www.ncbi.nlm.nih.gov/pubmed/33923484
http://doi.org/10.3390/membranes11040296
http://doi.org/10.1016/j.memsci.2008.02.007
http://doi.org/10.3390/ma14174859
http://doi.org/10.1016/j.jmrt.2021.05.017
http://doi.org/10.1016/j.electacta.2018.11.081
http://doi.org/10.3390/membranes10120389
http://doi.org/10.1007/s11581-012-0667-2

Membranes 2022, 12, 139 20 of 21

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

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

Hema, M.; Selvasekarapandian, S.; Arunkumar, D.; Sakunthala, A.; Nithya, H. FTIR, XRD and ac impedance spectroscopic study
on PVA based polymer electrolyte doped with NH;X (X=Cl, Br, I). J. Non-Cryst. Solids 2008, 355, 84-90. [CrossRef]

Kufian, M.; Aziz, ML.E,; Shukur, M.; Rahim, A.; Ariffin, N.; Shuhaimi, N.; Majid, S.; Yahya, R.; Arof, A. PMMA-LiBOB gel
electrolyte for application in lithium ion batteries. Solid State Ionics 2011, 208, 36—42. [CrossRef]

Diederichsen, K.M.; McShane, E.J.; McCloskey, B.D. Promising Routes to a High Li+ Transference Number Electrolyte for Lithium
Ion Batteries. ACS Energy Lett. 2017, 2, 2563-2575. [CrossRef]

Polu, A.R.; Kumar, R. Ionic Conductivity and Discharge Characteristic Studies of PVA-Mg(CH3COO); Solid Polymer Electrolytes.
Int. J. Polym. Mater. Polym. Biomater. 2013, 62, 76-80. [CrossRef]

Polu, A.R.; Kumar, R. Preparation and characterization of pva based solid polymer electrolytes for electrochemical cell applications.
Chin. J. Polym. Sci. 2013, 31, 641-648. [CrossRef]

Othman, L.; Isa, K.B.M.; Osman, Z.; Yahya, R. Ionic Conductivity, Morphology and Transport Number of Lithium Ions in PMMA
Based Gel Polymer Electrolytes. Defect Diffus. Forum 2013, 334-335, 137-142. [CrossRef]

Sampathkumar, L.; Selvin, P.C.; Selvasekarapandian, S.; Perumal, P.; Chitra, R.; Muthukrishnan, M. Synthesis and characterization
of biopolymer electrolyte based on tamarind seed polysaccharide, lithium perchlorate and ethylene carbonate for electrochemical
applications. lonics 2019, 25, 1067-1082. [CrossRef]

Monisha, S.; Mathavan, T.; Selvasekarapandian, S.; Benial, A.M.F,; Latha, M.P. Preparation and characterization of cellulose
acetate and lithium nitrate for advanced electrochemical devices. Ionics 2016, 23, 2697-2706. [CrossRef]

Aziz, S.; Dannoun, E.; Hamsan, M.; Abdulwahid, R.; Mishra, K.; Nofal, M.; Kadir, M. Improving EDLC Device Performance
Constructed from Plasticized Magnesium Ion Conducting Chitosan Based Polymer Electrolytes via Metal Complex Dispersion.
Membranes 2021, 11, 289. [CrossRef]

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

Noor, N.A.M,; Isa, M.LLN. Investigation on transport and thermal studies of solid polymer electrolyte based on carboxymethyl
cellulose doped ammonium thiocyanate for potential application in electrochemical devices. Int. J. Hydrogen Energy 2019, 44,
8298-8306. [CrossRef]

Hadi, J.M.; Aziz, S.B.; Nofal, M.M.; Hussein, S.A.; Hamsan, M.H.; Brza, M.A.; Abdulwahid, R.T.; Kadir, M.EZ.; Woo, H.J.
Electrical, Dielectric Property and Electrochemical Performances of Plasticized Silver Ion-Conducting Chitosan-Based Polymer
Nanocomposites. Membranes 2020, 10, 151. [CrossRef] [PubMed]

Kadir, M.EZ,; Salleh, N.S.; Hamsan, M.H.; Aspanut, Z.; Majid, N.A.; Shukur, M.E. Biopolymeric electrolyte based on glycerolized
methyl cellulose with NH4Br as proton source and potential application in EDLC. Ionics 2018, 24, 1651-1662. [CrossRef]

Woo, HJ.; Liew, C.-W.; Majid, S.R.; Arof, A K. Poly(e-caprolactone)-based polymer electrolyte for electrical double-layer capacitors.
High Perform. Polym. 2014, 26, 637-640. [CrossRef]

Aziz, S.; Asnawi, A.; Kadir, M.; Alshehri, S.; Ahamad, T.; Yusof, Y.; Hadli, J. Structural, Electrical and Electrochemical Properties of
Glycerolized Biopolymers Based on Chitosan (CS): Methylcellulose (MC) for Energy Storage Application. Polymers 2021, 13, 1183.
[CrossRef] [PubMed]

Aziz, S.B.; Nofal, M.M.; Abdulwahid, R.T.; Kadir, M.; Hadi, ].M.; Hessien, M.M.; Kareem, W.O.; Dannoun, E.M.; Saeed, S.R.
Impedance, FTIR and transport properties of plasticized proton conducting biopolymer electrolyte based on chitosan for
electrochemical device application. Results Phys. 2021, 29, 104770. [CrossRef]

Liew, C.-W.; Ramesh, S. Electrical, structural, thermal and electrochemical properties of corn starch-based biopolymer electrolytes.
Carbohydr. Polym. 2015, 124, 222-228. [CrossRef]

Kadir, M.EZ.; Arof, A K. Application of PVA—chitosan blend polymer electrolyte membrane in electrical double layer capacitor.
Mater. Res. Innov. 2011, 15, s217-s220. [CrossRef]

Aziz, S.B.; Hamsan, M.H.; Abdullah, R.M.; Abdulwahid, R.; Brza, M.A.; Marif, A.S.; Kadir, M.EZ. Protonic EDLC cell based on
chitosan (CS): Methylcellulose (MC) solid polymer blend electrolytes. Ionics 2020, 26, 1829-1840. [CrossRef]

Hamsan, M.H.; Shukur, M.E; Kadir, M.E.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]

Lim, C.-S,; Teoh, K.H.; Liew, C.-W.; Ramesh, S. Electric double layer capacitor based on activated carbon electrode and biodegrad-
able composite polymer electrolyte. Ionics 2013, 20, 251-258. [CrossRef]

Pandey, G.; Kumar, Y.; Hashmi, S. 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]

Tripathi, M.; Tripathi, S. Electrical studies on ionic liquid-based gel polymer electrolyte for its application in EDLCs. Ionics 2017,
23, 2735-2746. [CrossRef]

Boonen, L.; Kitzler, P.; Kasum, J. Processing of aqueous polymer electrolytes for supercapacitors via different industrial application
methods. Prog. Org. Coatings 2018, 115, 107-114. [CrossRef]


http://doi.org/10.1016/j.jmrt.2020.06.022
http://doi.org/10.1016/j.jnoncrysol.2008.10.009
http://doi.org/10.1016/j.ssi.2011.11.032
http://doi.org/10.1021/acsenergylett.7b00792
http://doi.org/10.1080/00914037.2012.664211
http://doi.org/10.1007/s10118-013-1246-3
http://doi.org/10.4028/www.scientific.net/DDF.334-335.137
http://doi.org/10.1007/s11581-019-02857-1
http://doi.org/10.1007/s11581-016-1886-8
http://doi.org/10.3390/membranes11040289
http://doi.org/10.1016/j.electacta.2014.05.075
http://doi.org/10.1016/j.ijhydene.2019.02.062
http://doi.org/10.3390/membranes10070151
http://www.ncbi.nlm.nih.gov/pubmed/32668644
http://doi.org/10.1007/s11581-017-2330-4
http://doi.org/10.1177/0954008314542168
http://doi.org/10.3390/polym13081183
http://www.ncbi.nlm.nih.gov/pubmed/33916979
http://doi.org/10.1016/j.rinp.2021.104770
http://doi.org/10.1016/j.carbpol.2015.02.024
http://doi.org/10.1179/143307511X13031890749299
http://doi.org/10.1007/s11581-020-03498-5
http://doi.org/10.1007/s11581-017-2155-1
http://doi.org/10.1007/s11581-013-0982-2
http://doi.org/10.1016/j.ssi.2011.03.018
http://doi.org/10.1007/s11581-017-2051-8
http://doi.org/10.1016/j.porgcoat.2017.10.006

Membranes 2022, 12, 139 21 of 21

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Latoszyriska, A.A.; Taberna, P-L.; Simon, P.; Wieczorek, W. Proton conducting Gel Polymer Electrolytes for supercapacitor
applications. Electrochimica Acta 2017, 242, 31-37. [CrossRef]

Aziz, S.B.; Brza, M.A.; Hamsan, M.H.; Kadir, M.EZ.; Muzakir, S.K.; Abdulwahid, R.T. Effect of ohmic-drop on electrochemical
performance of EDLC fabricated from PVA:dextran:NH4I based polymer blend electrolytes. J. Mater. Res. Technol. 2020, 9,
3734-3745. [CrossRef]

Majid, S.R. High Molecular Weight Chitosan as Polymer Electrolyte for Electrochemical Devices. Ph.D. Thesis, University of
Malaya, Kuala Lumpur, Malaysia.

Liew, C.-W.; Ramesh, S.; Arof, A K. Characterization of ionic liquid added poly(vinyl alcohol)-based proton conducting polymer
electrolytes and electrochemical studies on the supercapacitors. Int. |. Hydrogen Energy 2015, 40, 852-862. [CrossRef]

Shuhaimi, N.E.A.; Teo, L.P.; Woo, H.].; Majid, S.R.; Arof, A K. Electrical double-layer capacitors with plasticized polymer
electrolyte based on methyl cellulose. Polym. Bull. 2012, 69, 807-826. [CrossRef]

Allagui, A.; Freeborn, T.J.; Elwakil, A.S.; Maundy, B.]. Reevaluation of Performance of Electric Double-layer Capacitors from
Constant-current Charge/Discharge and Cyclic Voltammetry. Sci. Rep. 2016, 6, 38568. [CrossRef]

Arof, AK,; Kufian, M.Z.; Syukur, M.E,; Aziz, M.F,; Abdelrahman, A.E.; Majid, S.R. Electrical double layer capacitor using
poly(methyl methacrylate)—C4BOgLi gel polymer electrolyte and carbonaceous material from shells of mata kucing (Dimocarpus
longan) fruit. Electrochim. Acta 2012, 74, 39—45. [CrossRef]

Kumar, S.; Bhat, D.K. Polyvinyl alcohol-polystyrene sulphonic acid blend electrolyte for supercapacitor application. Phys. B
Condens. Matter 2009, 404, 1143-1147. [CrossRef]

Asmara, S.N.; 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]

Brachet, M.; Brousse, T.; Le Bideau, J. All Solid-State Symmetrical Activated Carbon Electrochemical Double Layer Capacitors
Designed with Ionogel Electrolyte. ECS Electrochem. Lett. 2014, 3, A112-A115. [CrossRef]

Lim, C.-S.; Teoh, K.H.; Liew, C.-W.; Ramesh, S. Capacitive behavior studies on electrical double layer capacitor using poly (vinyl
alcohol)-lithium perchlorate based polymer electrolyte incorporated with TiO,. Mater. Chem. Phys. 2014, 143, 661-667. [CrossRef]
Hadi, ] M.; Aziz, S.B.; Kadir, M.; El-Badry, Y.A.; Ahamad, T.; Hussein, E.E.; Asnawi, A.S.; Abdullah, R.M.; Alshehri, S.M. Design
of Plasticized Proton Conducting Chitosan:Dextran Based Biopolymer Blend Electrolytes for EDLC Application: Structural,
Impedance and Electrochemical Studies. Arab. ]. Chem. 2021, 14, 103394. [CrossRef]

Aziz, S.B.; Hamsan, M.H.; Karim, W.O.; Kadir, M.EZ.; Brza, M.A.; Abdullah, O.G. High Proton Conducting Polymer Blend
Electrolytes Based on Chitosan:Dextran with Constant Specific Capacitance and Energy Density. Biomolecules 2019, 9, 267.
[CrossRef] [PubMed]

Aziz, S.B.; Hamsan, M.H.; Kadir, M.F.Z.; Karim, W.O.; Abdullah, R.M. Development of Polymer Blend Electrolyte Membranes
Based on Chitosan: Dextran with High Ion Transport Properties for EDLC Application. Int. J. Mol. Sci. 2019, 20, 3369. [CrossRef]
Aziz, S.B.; Hamsan, M.H.; Abdullah, R.M.; Kadir, M.E.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]
Coromina, H.M.; Adeniran, B.; Mokaya, R.; Walsh, D.A. Bridging the performance gap between electric double-layer capacitors
and batteries with high-energy /high-power carbon nanotube-based electrodes. J. Mater. Chem. A 2016, 4, 14586-14594. [CrossRef]
Muzaffar, A.; Ahamed, M.B.; Deshmukh, K.; Thirumalai, J. A review on recent advances in hybrid supercapacitors: Design,
fabrication and applications. Renew. Sustain. Energy Rev. 2018, 101, 123-145. [CrossRef]

Aziz, S.B.; Hamsan, M.H.; Brza, M.A.; Kadir, M.F.Z.; Muzakir, S.K.; Abdulwahid, R.T. Effect of glycerol on EDLC characteristics of
chitosan:methylcellulose polymer blend electrolytes. . Mater. Res. Technol. 2020, 9, 8355-8366. [CrossRef]

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]


http://doi.org/10.1016/j.electacta.2017.04.122
http://doi.org/10.1016/j.jmrt.2020.01.110
http://doi.org/10.1016/j.ijhydene.2014.09.160
http://doi.org/10.1007/s00289-012-0763-5
http://doi.org/10.1038/srep38568
http://doi.org/10.1016/j.electacta.2012.03.171
http://doi.org/10.1016/j.physb.2008.11.072
http://doi.org/10.1016/j.electacta.2011.06.045
http://doi.org/10.1149/2.0051411eel
http://doi.org/10.1016/j.matchemphys.2013.09.051
http://doi.org/10.1016/j.arabjc.2021.103394
http://doi.org/10.3390/biom9070267
http://www.ncbi.nlm.nih.gov/pubmed/31323956
http://doi.org/10.3390/ijms20133369
http://doi.org/10.3390/molecules24132503
http://doi.org/10.1039/C6TA05686E
http://doi.org/10.1016/j.rser.2018.10.026
http://doi.org/10.1016/j.jmrt.2020.05.114
http://doi.org/10.1016/j.jmrt.2019.11.042

	Introduction 
	Experimental Details 
	Materials and Sample Preparation 
	Fourier Transform Infrared (FTIR) Spectroscopy 
	Transference Number Measurement (TNM) and Linear Sweep Voltammetry (LSV) 
	Electrical Double-Layer Capacitor (EDLC) Preparation 

	Result and Discussion 
	Fourier Transform Infrared (FTIR) Study 
	Impedance Analysis 
	Transference Number Measurement (TNM) Study 
	LSV Analysis 
	Cyclic Voltammetry (CV) and EDLC Characteristics 
	Charge–Discharge Characteristics 

	Conclusions 
	References

