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Characteristics of Plasticized Lithium
fon Conducting Green Polymer Blend  Apstract: The solution cast process is used to set up chitosan: dextran-based plasticized solid polymer
Electrolytes Based on CS: Dextran electrolyte with high specific capacitance (228.62 F/g) at the 1st cycle. Fourier-transform infrared
spectroscopy (FTIR) pattern revealed the interaction between polymers and electrolyte components.

At ambient temperature, the highest conductive plasticized system (CDLG-3) achieves a maximum

with High Energy Density and
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13,3613. https://doi.org/10.3390/

polym13213613 conductivity of 4.16 x 10~* S cm~!. Using both FTIR and electrical impedance spectroscopy (EIS)

methods, the mobility, number density, and diffusion coefficient of ions are measured, and they are
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double-layer capacitor device

In the creation of solid polymer blend electrolytes (SPBEs) for energy storage devices,
both natural and synthetic polymer materials have been widely used as host polymers [1].
Metal salts can be dissolved in a polymeric matrix and then dissociated into metal cations
and counter anions to make polymer electrolytes. These polymers are ionically conductive,

. . and as a result, they have received a lot of interest because of their use in a variety of
creativecommons.org/licenses /by / : /
10/). electrochemical devices [2].
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Biopolymer materials (BPMs) demonstrated key features for use in electrochemical
devices, high-energy-density batteries, sensors, and fuel cells, owing to some outstanding
characteristics such as natural abundance; non-toxicity; renewability; cost effectiveness;
biodegradability; eco—friendliness; harmlessness; and the fact it can be attained easily from
natural resources such as cell walls, plants, and animals. [3-7].

The natural resources of biodegradable polymers such as cellulose, chitosan, and
carrageenan have recently engaged the attention of several research activities since they
are nontoxic and simple to use in electrolyte synthesis [8]. Chitosan (CS), for instance, is a
deacetylated chitin derivative that, together with cellulose, is one of nature’s most plentiful
biopolymers [9]. CS is mostly derived from shrimp waste, and it is widely employed as
a natural polymer in a variety of applications [10]. Chitosan is a common sorbent with a
high affinity for transition metal ions due to its concentration in polar groups (NH; and
OH) inside chains that act as conjunction sites [11]. The ability of chitosan to be molded
into a variety of shapes is seen as a significant characteristic, with various shapes ranging
from hydrogels to porous scaffolds to films [12].

Dextran is a natural polymer formed by the fermentation process of the bacteria
Leuconostocmesenteroides, which has been widely studied in this field [13,14]. One technique
to make a biodegradable polymers host with high ionic conductivity, excellent thermal
characteristics, strong mechanical strength, and minimal toxicity is to combine two or
more natural polymers [15]. In addition to polymer blending, plasticizers such as glycerol,
polyethylene glycol (PEG), ethylene carbonate (EC), and poly (ethylene carbonate) (PEC)
can improve conductivity. Glycerol has been shown to be compatible with the majority of
natural polymers. Biopolymer and biodegradable polymer-based electrolytes have been
broadly utilized in electrochemical devices in recent decades [16-19]. The ionic conductivity
of polymer electrolyte can be increased when plasticizers are used [20]. Other studies of
polymer electrolyte have shown that employing glycerol as a plasticizer works well for the
system [4,21,22]. This is owing to glycerol’s ability to build more ionic channels inside the
electrolyte, which has a significant impact on an electrochemical device’s performance [23].
For example, carbon nano-onions (CNO) and boron-doped diamond (BDD) have both
been used as supercapacitor electrode materials [24,25].

These electrode materials, however, have a high manufacturing cost, which limits their
applicability, as well as a smaller active surface area. Because of their high specific surface
area, thermal stability, electronic conductivity, and electrochemical stability, activated
carbon-based electrode materials are preferred in EDLCs. Activated carbon is simple to use
and compatible with a wide range of solvents, binders, and electronic conductors [26-28].

The energy storage process for EDLC is a non-Faradaic routine in which there is no
electron exchange and then ions form a double layer on carbon-based electrodes [27,29,30].
It was shown that EDLC has a reasonably higher power density; higher reversibility;
and cheap, safer, and easier fabrication procedures than a Faradaic capacitor or pseudo—
capacitor [31,32]. Andrade and coworkers increased the conductivity (4.7 x 107*S/cm) of
a pectin-lithium perchlorate (LiClO,) electrolyte by adding glycerol [33].

Due to its promising features, a 60:40 combination of CS and dextran was chosen
as the polymer host in this study [14,34]. Using numerous characterization techniques,
this work aims to investigate the influence of varied glycerol concehntrations on the CS:
dex: LiClOy electrolyte system, with the highest conducting system being utilized in an
electrochemical double-layer capacitor (EDLC) device.

2. Experimental
2.1. Materials and Sample Preparation

Dextran (Dex) and chitosan (CS) powders were purchased from Sigma—Aldrich
(Kuala Lumpur, Malaysia) as the raw materials. The CS: Dex blended polymer is made
by dissolving 40 weight percent Dexand 60 weight percent CS separately in 1 weight
percent acetic acid (50 mL) for 1.5 h at room temperature. After that, both solutions were
blended and agitated for 4 h to ensure that the blending solution was homogeneous. Forty
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wt.% LiClO4 was dissolved in the solution in a separate container. Then, in fourteen
steps, glycerol in various concentrations ranging from 14 to 42 weight percent was added
to the CS-Dex-LiClOy4 blended electrolyte solution, which was constantly agitated to
achieve plasticized CS-Dex-LiClOy electrolytes. Polymer blend electrolytes were coded as
CDLG-1, CDLG-2, and CDLG-3 for CS-Dex-LiClO4 containing 14, 28, and 42 wt. percent
glycerol, respectively. Consequently, the electrolyte series was left at room temperature
while the casting process in the labeled Petri dishes was carried out. The produced film was
dried further by transferring it to a desiccator filled with silica gel for 12 days at ambient
temperature with around 20% humidity. As a result of adopting this process, a series of
solvent-free films were obtained.

2.2. Test Methods
2.2.1. Electrical Impedance Spectroscopy (EIS)

The electrical characteristics of materials and their relationship with electronically
conducting electrodes can be determined using complex impedance spectroscopy. Under
spring pressure, solid polymer electrolyte (SPE) films with thickness 0.027 cm were sliced
into compact discs (2 cm diameter and thickness 0.5 cm) and sandwiched between two
stainless steel electrodes.

The impedance of the films was determined using the HIOKI 3531 Z Hi-tester (No.
1036555, Hioki, Nagano, Japan), which was connected to a computer, over a frequency
range of 50 Hz to 5000 kHz. At room temperature, measurements were also taken.

The software calculates the real (Z;) and imaginary (Z;) parts of impedance and
controls the measurements. The bulk resistance (R},) was calculated from the intersection
of the plot with the real impedance axis, and the Z, and Z; data were shown as a Nyquist
plot. The conductivity can be estimated using the equation below [35,36]:

1 t
= | [4] ®
In Equation (1), t is the thickness of the film, Ry, is the sample’s bulk resistance, and A is

the active area. The average thickness of the plasticized systems is 0.026 cm. Schematically,
the EIS measurement diagram is shown in Scheme 1.

Plasticized PE Film

Stainless Steel Teflon Case

Scheme 1. EIS measurement setup.

2.2.2. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy was used to inspect the interaction of numerous components of
electrolytes, such as polymers, salt, and plasticizer. For this study, a Perkin Elmer Spotlight
400 spectrometer (Malvern Panalytical Ltd., Malvern, UK) with a resolution of 1 cm™!
(450 cm—1-4000 cm 1) was used.
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3. Results and Discussion
3.1. Impedance Study

It is worth noting that the charge transport process in composite materials is grave
from both a theoretical and technical standpoint. Impedance scope is one of the most
effective methods for distinguishing and comprehending charge transport in complicated
materials [37]. Complex impedance plots (CIP) are useful parameters to investigate elec-
trical properties of the polymeric materials since they help one to comprehend structure—
property relationships [38]. The impedance plots for all of the samples are shown in
Figure 1. The electrolyte/electrode interface might be regarded as a capacitance because
blocking electrodes were utilized in the impedance study. When the capacitance is flawless,
the impedance map should exhibit a vertical spike in the low-frequency zone.
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Figure 1. EIS plot for (a) CDLG-1, (b) CDLG-2, and (c) CDLG-3 plasticized electrolyte films.

Nonetheless, instead of the vertical spike, a spike inclined at an angle less than 90°
was discovered, which might have been due to the irregularity of the electrolyte/electrode
interface or double layer capacitances at blocking electrodes [39,40]. The bulk resistance
was calculated by intersecting the spike with the impedance plot’s real axis. This is possible
because when the phase angle is close to zero, the ionic conductance dominates the complex
impedance [41]. Moreover, the spike pattern in the low-frequency band is a diffusion
process characteristic [42]. Figure 1 shows that when the glycerol concentration increased,
the bulk resistance (R},) decreased. The elimination of the semicircular component of
complex impedance graphs in the high-frequency zone at high temperatures suggests that
the conduction is primarily attributable to ions [43,44].

Using the Ry, value and the sample size, Equation (1) was used to calculate the sample
conductivity. The computed DC conductivity for all of the samples is shown in Table 1.
Blend electrolytes have a high DC conductivity, which makes them ideal for EDLC. The
representation of impedance plots via electrical equivalent circuits (EECs) can provide
more information regarding the electrical properties of the blend electrolyte samples. It is
feasible to predict the bulk resistance and circuit elements by modeling impedance plots.
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Table 1. Ionic conductivity and the parameters fitting of the EEC.

Electrolyte p (rad) Ry, () CPE (F) o (Scm™1)
CDLG-1 0.37 151 353 x 107° 1.02 x 1074
CDLG-2 0.51 134 9.80 x 10° 1.15 x 104
CDLG-3 0.39 37 1.36 x 107> 416 x 1074

The EECs model is universally used for fitting, or in the analysis of impedance
spectroscopy, since it is effortless, rapid, and offers a whole observation of the system [45].
The recorded impedance graphs can be implicit in terms of the equivalent circuit for
the charge carriers in the sample, which includes Rp. Zcpg's impedance may be written
as [46,47]:
cos[Z]  sin[Z]

Y, wh B Y, wh

@

Zcpg =

where Y7, denotes the CPE capacitance, n denotes the deviation of the vertical axis of the
plot in complex impedance graphs, and w denotes the angular frequency. Lastly, for the
corresponding circuit (insets of Figure 1), the real (Z,) and imaginary (Z;) values of complex
impedance (Z*) can be represented as:

e sl

Z, =R+ Yoor 3)
_ sin[%]

Y, wn 4

The EEC fitting parameters are illustrated in Table 1. The semicircle fades in the
Cole—Cole figure, meaning only the polymer’s resistive component is dominant [48].

Since the impedance data consist just of a spike, the D can be determined using the
equation below [48]:

D = Dy exp{ —0.0297 [In Do]* — 1.4348 In Dy — 14.504} )
where: .
4K21
Dy=—7—7— (6)
Rb X Cl)min

where [ denotes sample thickness and w,,;; denotes the angular frequency that corresponds
to Z;’s lowest value. Table 2 shows the electrolyte system’s ion transport parameter values.
The Nernst-Einstein equation can be used to compute the ionic species” mobility (y) [49],

ex D
yiKBXT (7)

where T and K} have normal meanings.

Table 2. Ion transport parameter from impedance theory.

Electrolyte n (cm~3) # (cm?V—1s-1) D (cm?s—1)
CDLG-1 6.63 x 1020 9.62 x 107 247 x 1078
CDLG-2 6.72 x 1020 1.07 x 107 2.74 x 1078
CDLG-3 1.15 x 102! 2.26 x 107° 5.80 x 108

The conductivity (0pc) can alternatively be calculated using the following formula:

Opc=nxexyu (8)
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As a result, the charge number density (1) can be calculated using the equation

below [50]:
Opc X Kb x T x T

n= )

(e x Ky xeoxsrxA)z

From Table 2, with the addition of glycerol, the D value increases considerably from
14 wt. percent to 48 wt. percent. It is also worth noting that the comparable tendency is
visible for y where the value rises. The upgrading in chain flexibility caused by glycerol
can be attributed to the grow in y and D; whilst the quantity of glycerol added is amplified,
the y, D, and n values rise, indicating that the conductivity rises. This is owing to the count
of glycerol, which causes further salts to dissociate into free ions, increasing the number
density of ions.

3.2. FTIR Study

As illustrated in Figure 2, the O-H stretching peak is positioned at (i) (3412 cm ™).
The intensity of the O-H band peaks represents the complexation that occurs inside the
electrolyte, which improves ionic dissociation and hence increases ionic conductivity [7,51].
Additionally, as shown in Figure 2, the C-H symmetrical stretching and C-H asymmetrical
stretching are clearly visible at (ii) 2959 em ™! and (iii) 2918 cm !, respectively [52,53]. The
intensity of these peaks improved as the concentration of glycerol increased, indicating the
complex growth of glycerol in electrolytes [54].

(iii)

(i
@ '
5 H ' H
3 i '
= : :
£ : :
E E i
= i 1
s : :
= . \

—(a)

. —(b)

(©)

3700 3100 2500

Wavenumber (cm™')

Figure 2. FTIR spectra at a wave number between 2500 and 3700 cm~! for (a) CDLG-1, CDLG-2,
and CDLG-3 plasticized electrolyte films.

Furthermore, as shown in Figure 3, the peaks at (iv) 1648 cm~ ! and (v) 1564 cm ™!
represent the electrolyte’s carboxamide and amine bands, respectively [55,56]. Moreover,
the CH; scissoring and C-H bindings are responsible for the peaks seen in Figure 3 at
(vi) 1422 em ™!, (vii) 1390 em ™!, and (viii) 1327 cm~!, respectively [57-60]. Finally, the
steep peak at (ix) 1077 cm ! (Figure 3) could be attributable to C-O stretching, which
has been observed by Mejenom and coworkers [61] and Poy and coworkers [62]. When
the concentration of glycerol increases, the band peak widens, resulting in a tiny peak at
1044 cm ™!, which also reflects the interaction inside the polymer matrix.
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(viii)
(vii)
(iv) ) (Yi)

Transmittance (a.u.)

1700 1450 1200 950
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Figure 3. FTIR spectra at a wave number between 950 and 1700 for (a) CDLG-1, (b) CDLG-2, and
(c) CDLG=3 plasticized electrolyte films.

Figure 4 illustrates the deconvolution of FTIR spectra at a wave number between 590
and 640 for cm~!. The number density (1), ionic mobility (1), and diffusion coefficient
(D) based on the percentage of free ions were revealed using the FTIR method to more
maintain the ionic conductivity research.

(a) (b)
~ 624 -~ 623
= 2
& &
iy 612 iy 611
w w
£ =
2 2
= =
Ll o
640 615 590 640 615 590
Wavenumber (cm™) Wavenumber (cm™)
©
622
3 A
8 — Experimental
.‘g 608 -== Flttlng
g — Free ion
= — Ion pair
640 615 590

Wavenumber (cm™)

Figure 4. Deconvolution of FTIR spectra at a wave number between 590 and 640 cm ! for (a) CDLG-1,
(b) CDLG-2, and (c) CDLG-3 plasticized electrolyte films.

The Gaussian-Lorentzian function was used to extract overlapping peaks and adjust
the curves’ baselines using the deconvolution approach. The (ClO4) band’s FTIR peak
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at 650 to 600 cm~! is frequently employed to inspect ion—ion interactions in polymer
electrolytes containing LiClO4 salt [63-66]. The peak of the (ClO4) band divided into
two peaks at 624 cm ! and 635 cm ™! shows that mainly two unlike types of ClO4 anions
survive in this complex, which is well established [63-66].

Salomon et al. proposed that the existence of Li*! is connected with the (C1O,) band
centered between 630 and 635 cm~!. ClO; ! contact-ion pairs are responsible for the
band centered at about 623 cm !, whereas free/unpaired ClO4 anions are responsible for
the band centered at about 623 cm ™! [64,66]. The peak characteristic for “free” ClOy is
substantially greater than that of contact-ion pairs, as seen in Figure 4. This is due to the
glycerol plasticizer’s ability to aid in the dissolution of LiClOy salt through the CS: Dex
mix matrix. The following formulae can be used to calculate the percentage of free ions
and contact ion pairs [30,67-69]. Table 3 displays the percentages of ion carriers.

A
Percentage of free ion (%) = AfffAc x 100% (10)
Percentage of contact ion pairs (%) = A x 100% (11)
8 PASI) = A ¥ A+ A, ’

where Ar and A, are the area of the peaks of the free ions and the contact ion pair, respectively.

Table 3. The percentages of ion species using FTIR method.

Electrolyte Ions Pair (%) Free Ions (%)
CDLG-1 45.8 54.2
CDLG-2 38.8 61.2
CDLG-3 29.4 70.6

The charge carrier parameters can be calculated using the percentage of free ions of
each electrolyte and the relationship illustrated below (12)-(14) [30,67-69].

n= M Na x (free ion %) (12)
Viotal
o
= (1
p = HKT (14)

e

where M is the number of glycerol moles, N4 denotes Avogadro’s number, and Vo,
denotes the whole volume of the polymer electrolytes. The Boltzmann constant and
elementary charges are denoted by k and e, respectively, while T denotes the temperature in
Kelvin. Table 4 illustrates the values of transport parameters. It can be shown that raising
the glycerol concentration in the polymer electrolyte increases the number density of ions
and ionic mobility significantly, as shown in Table 4. It also induces an increase in the
diffusion coefficient of ions. Table 2 shows that the ion transport parameters calculated
using impedance theory coincide with those calculated using FTIR theory in Table 4. It can
be concluded that, as the number density, diffusion coefficient, and mobility increased, the
glycerol content increased.

Table 4. Ion transport parameters using FTIR theory.

Electrolyte. n (cm~3) # (cm?V—1g-1) D (em?s~1)
CDLG-1 2.11 x 1022 3.02 x 108 7.89 x 10710
CDLG-2 2.25 x 102 3.19 x 108 8.33 x 10710

CDLG-3 444 x 10?2 5.84 x 10~8 1.52x 1072
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3.3. Electrochemical Properties
3.3.1. TNM Study

Electrochemical devices that employ ions as current carriers rely on solid polymer
electrolytes [70]. The progress of safe electrolytes, mainly solid polymer electrolytes (SPEs),
is an imperative component of electrochemical device research. Despite the fact that this
compound system has been around since the late 1970s, it is still a hot topic [71,72].

It is essential to understand the transference number analysis (TNM) and linear
sweep voltammetry (LSV) to employ the polymer electrolyte for application. The main
charge carrier species in a polymer electrolyte must be determined, which can be done
via TNM. The ionic transference number of the sample was determined using the DC
polarization technique (t;,,). The method includes applying DC voltage to the sample
below its decomposition potential, then examining the ensuing currents in proportion to
time as shown in Figure 5 [73].

30

tion = 0.948
25 @ ---al_

20

15 ¢

Current (pA)

10 4

0 T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220

Time (s)

Figure 5. Polarization curve of current for the highest conducting sample.

To make the measurement easier, the polymer electrolyte with the highest conductivity
was positioned between a couple of stainless-steel blocking electrodes (SS), and the ion (t;,,)
and electron (¢,;) transference numbers were calculated using the equation below [74,75]:

Ii - Iss

tion = 1. (15)
i

tion =1 —tg (16)

where the steady-state current is Iss and the initial current is I;. At 25 pA, the I; can be
seen. The participation of both ions and electrons at the beginning stage accounts for
the considerable value of initial current. Because the electrodes are stainless steel, which
is known to impede ions, the current drops dramatically before becoming constant at
2 pA [76].

The behavior of an ionic conductor is represented by this phenomenon [77]. The
results show that ions are the major charge carriers within the polymer electrolyte, with
tion = 0.948 and t, = 0.052. The closeness of t;,, to 1, the ideal value, is a particularly
interesting result, indicating that the transport mechanism of the produced electrolyte film
is largely ionic [73].

This is due to the potential of Li* cations dissociating from the coordinating sites of
CS: Dex polymer chains, and charge transport in the polymer blend is thus mostly due to
cationic motion [78]. If the t,, value is close to unity, the ions contribute to the system’s
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carrying charge, according to Shukur et al. [79]. Mohan et al. [80] and Tang et al. [81]
reported similar observations.

3.3.2. LSV Study

The LSV technique is used to determine an electrolyte’s breakdown voltage at am-
bient temperature [82]. The potential casement is a vital aspect and serious parameter in
determining the requirement of some electrochemical devices, such as capacitors and bat-
teries [50]. Figure 6 displays the LSV plot for the CDLG-3 electrolyte up to 4.0 V. Figure 6
shows a plot of current density against voltage that shows an increase in voltage lacking
any current flows until 2.2 V, indicating that the electrochemical reaction in the electrolyte
did not happen at this point [52].

4.43

2243

0.93

0.43

-0.07

0 0.5 1 1.5 2 2.5 3 3.5 4
Applied potential (V)

Figure 6. LSV plot for the highest conducting system.

This event implies that the electrolyte’s breakdown voltage is 2.2 V, which is similar to
what has been described in the literature [19]. As a result, this demonstrates the electrolyte’s
potential to give a promising performance in an EDLC that is generally run at 1.0 V [29,83].

3.3.3. CV Analysis

For the energy storage process, typical EDLCs use a non-Faradaic mechanism that
involves non-redox processes. This condition was investigated using cyclic voltammetry
(CV) analysis at various sweep rates (1) to examine how it affects the specific capacitance
(Ceye) calculated using the equation below [4,84]:

v
Coye :/ Fo I(V)dv 17)
Vi 2ma (Vy - Vi)

The area of the CV plot in Figure 7 utilizes the integration function via Origin 9.0
software. The values of Vf and V; are 0.9 V and 0 V, respectively. Table 5 shows the Ccyc
values measured at 10, 20, 50, and 100 mV /s. The specific capacitance is clearly influenced
by sweep rates, as evidenced by these data.
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Figure 7. Cyclic voltammetry (CV) at various scan rates of 10, 20, 50, and 100 mV s L.

Table 5. Specific capacitance (F gfl) value at various scan rates.

Scan Rate Capacitance (F/g)
100 26.06
50 42.34
20 64.01
10 75.90

The flow of cations and anions in the electrolyte is unstable at high sweep rates, such
as 100 and 50 mV /s, causing incorrect charge double-layer formation at the surface of AC
electrodes. This condition also results in current-dependent potential, which explains the
form of the leaf at high sweep rates [85].

As shown in Figure 7, the CV curves show how the shape of the curve changes from
rectangular to leaf-like as the scan rate increases. The presence of porosity in the carbon
electrodes, as well as the internal resistance present throughout the measurement, creates
these alterations [86].

The correct polarization procedure can be carried out at a slower sweep rate. This
situation causes current to be independent of potential, resulting in a rectangular CV
plot [87]. The curves did not show any noticeable peaks, indicating that the system did not
submit to any reduction or oxidation reactions.

During the charging process, the anions in the system pour towards the positive elec-
trode; the positive electrode resists the cations, causing the cations to draw to the negative
electrode. During this process, the electric field snatches the electrode and electrolyte to
hold the electrons and ions, respectively [88].

The development of double-layer charge to store potential energy on the carbon
electrode surfaces is explained by this entire process [89].

3.3.4. Galvanostatic Charge-Discharge Properties

The cyclic discharge preserve can be used to assess the electrochemical capacitance of a
substance. Figure 8 illustrates the galvanostatic charge—discharge curves of the built EDLC
cells at ambient temperature for CS: Dex doped with 40 wt. percent LiClO4 and glycerolized
with 42 wt. percent. The EDLC cells also demonstrate linear discharge manners with a tiny
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ohmic loss, meaning a non-Faradic capacitive charge-storage mechanism [90]. The Cgp, of
EDLC cells are able to be determined using the subsequent equation [48,49].

1
Cspe = — (18)
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Figure 8. Galvanostatic charge—discharge curve for the constructed EDLC.

The applied current is shown here as i. The slope of the discharge curve is (x). The
Cspe is plotted against the cycle number in Figure 9. The capacitance charge achieved in this
system is moderately superior to that found in earlier studies. The first cycle’s calculated
Cspe value is 235 F/g, and the second cycle’s Cp, value is roughly 60 F/g.
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Figure 9. Specific capacitance for the constructed EDLC throughout 180 cycles.

When judged against the capacitance values of 2.6-3.0 and 1.7-2.1 F/g that were
obtained for EDLC cells using Mg- and Li-based PEO polymer electrolytes integrated
with ionic liquids [85], the capacitance generated in this work is of considerable attention.
Beyond the 20th cycle, the capacitance is nearly constant across 180 cycles.



Polymers 2021, 13, 3613

13 of 19

Other studies have found a significant drop in Cspe over a large number of cycles. The
researchers theorized that the loss of these electrochemical properties could be due to the
creation of ion aggregates. When it comes to mobile ions, they tend to be aggregated or
paired together after fast charge and discharge operations.

Considerably, the ion pairs have the potential to inhibit the polymer electrolyte’s
ionic migration, affecting the rate of ions adsorption via the carbon pores. As a result,
ion adsorption generation at the electrode—electrolyte interface is reduced. As a result,
the energy and power density of EDLC cells, in addition to their specific capacitance, are
inversely proportional to the cycle number [91]. Further researchers reported, for instance,
4F/g, 43 F/g, 84F/g, and 6.5-15 F/g for PEO, PVDF-HFD, polyurethane, and PVA-
cellulose-based electrolytes inserted with lithium salts, respectively [83]. As a result, Cspe
is higher than previous results for polymer-based electrolytes incorporating Li* ion salts
published in the literature.

As shown in Figure 10, a little voltage drop, V;, is also seen in the charge—discharge
graph. The internal resistance within the system during the charge—discharge operations,
also known as equivalent series resistance, ESR, is responsible for the creation of V.
The applied current, i of 1 mA, will be used to determine this parameter, which can be
represented as [48,50]:

(19)
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Figure 10. The ESR values versus cycle number of the EDLC assembly.

Figure 10 shows the obtained ESR values for 180 cycles. The system is seen to retain
an ESR in the choice of 55 to 272 () throughout the entire operation. This outcome indicates
that the EDLC had a little consistent internal resistance for 180 cycles, simplifying the
electrostatic process between the ions and charged electrode [92].

The constructed EDLC’s energy density (E;) can be estimated using the equation
below [48,74]:

Cz xV
2

V Equals 1 V. E; is 18.4 Wh/kg on the first cycle, as shown in Figure 11. From the 60th
to the 180th cycle, the E; drops to 7.5 Wh/kg before stabilizing at 6.2 Wh/kg on average.
As aresult, it may be inferred that after the 60th cycle, the energy barrier for ion conduction
is nearly the same [93]. This work’s E; is similar to other EDLCs that have been reported
utilizing numerous materials.

Ed = (20)
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Figure 11. Energy density (E;) versus cycle number for 180 cycles.

According to Hina et al. [94], the value of E; for their EDLC varies between 9.82 and
21.6 Wh/kg and relies on the content of lithium triflate (LiTf). Mazuki and coworkers used
EDLC to obtain 1.19 Wh/kg for the CMC-PVA-NH,Br combination [95]. The existence of
plasticizer in this work could explain the high E;. Biopolymer-based electrolytes are crucial
for energy storage applications, according to the findings of this study.

Furthermore, if ESR values are available, the power density (P;) values are determined,
as shown in Figure 12. The power density (P;) of the constructed EDLC is depicted in
Figure 12 and is computed using the equation below [4,48]:

VZ

Pj=——"+
d 4 X m X Regy
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Figure 12. Power density (P,;) versus cycle number for 180 cycles.
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The P, value is 1450 W /kg on the first cycle and lowers to 480 W /kg after the EDLC has
completed 180 cycles. The P; pattern is in fine arrangement with the ESR plot’s trend. This
is owed to electrolyte deterioration, which occurs when resistance rises, generating ionic
recombination as a result of the swift charging and discharging mechanism, resulting in
lower P; at a high cycle number [96]. The mass loading of active material in the production
of EDLC has a clear impact on both E; and P; values. The improved electrochemical
performance is said to be due to the low mass loading and comparatively low current [97].

4. Conclusions

The solution casting approach was used to prepare LiClOy4: glycerol-based solid
polymer electrolytes. The interaction of the electrolyte’s elements was determined using
FTIR. The addition of 42 wt % glycerol improved the conductivity to 4.16 x 10~%. Both
impedance and FTIR methods revealed that as glycerol levels increased, the number
density (1), mobility (1), and diffusion coefficient (D) of ions enhanced. TNM revealed that
cations and anions made up the majority of charge carriers, with t;o, and te values of 0.948
and 0.052, respectively, for the CDLG-3.LSV revealed that the CDLG-3's electrochemical
stability potential was 2.2 V, indicating that the SPE could be used in an EDLC application.
The CV curve has a rectangular form with no redox peaks, confirming the capacitive
behavior of the ELDC. Beyond the 20th cycle, the power density, energy density, and
specific capacitance values from the galvanostatic charge—discharge are practically constant
at 480 W/Kg, 8 Wh/Kg, and 60 F g~ !, respectively, for 180 cycles.

Author Contributions: Conceptualization, EM.A.D., S.B.A,, SN.A, MM.N,, RM.A. and MEZK;
Formal analysis, S.B.A.; Funding acquisition, EEM.A.D. and K.H.M.; Investigation, S.B.A.; Methodol-
ogy, S.B.A.; Project administration, EM.A.D., S.B.A, MM.N.,, KHM., ARM.,, RM.A. and MEZK.;
Validation, S.B.A., SN.A., MM.N,, KHM., ARM.,, RM.A. and M.EZ.K.; Writing—original draft,
S.B.A.; Writing—review and editing, EM.A.D., SN.A, MM.N,, KHM., ARM.,, RM.A. and MEZK.
All authors have read and agreed to the published version of the manuscript.

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, Taif University, and Komar University of Science and Technol-
ogy. The authors would like to acknowledge the financial support of Taif University Researchers
Supporting Project Number (TURSP-2020/162), Taif University, Taif, Saudi Arabia. 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.

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

References

1.  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]

2. Kim, ].H.; Won, J.; Kang, Y.S. Olefin-induced dissolution of silver salts physically dispersed in inert polymers and their application
to olefin/paraffin separation. J. Membr. Sci. 2004, 241, 403—407. [CrossRef]

3.  Aziz, SB,; Brza, M.A,; Hamsan, HM.; Kadir, M.EZ.; Abdulwahid, R.T. Electrochemical characteristics of solid state double-layer
capacitor constructed from proton conducting chitosan-based polymer blend electrolytes. Polym. Bull. 2021, 78, 3149-3167.
[CrossRef]

4. Hamsan, M.H,; Aziz, S.B.; Kadir, M.; Brza, M.; Karim, W.O. The study of EDLC device fabricated from plasticized magnesium ion
conducting chitosan based polymer electrolyte. Polym. Test. 2020, 90, 106714. [CrossRef]

5. Leones, R.; Sabadini, R.C.; Esperanga, ].M.; Pawlicka, A.; Silva, M.M. Effect of storage time on the ionic conductivity of
chitosan-solid polymer electrolytes incorporating cyano-based ionic liquids. Electrochim. Acta 2017, 232, 22-29. [CrossRef]

6. Jaafar, N.K; Lepit, A.; Aini, N.A.; Ali, AM.M.; Saat, A.; Yahya, M.Z.A. Structural and electrical properties of plasticized radiation

induced chitosan grafted poly(methylmethacrylate) polymer electrolytes. Int. ]. Electrochem. Sci. 2014, 9, 821-829.


http://doi.org/10.3390/molecules24132503
http://doi.org/10.1016/j.memsci.2004.05.027
http://doi.org/10.1007/s00289-020-03278-1
http://doi.org/10.1016/j.polymertesting.2020.106714
http://doi.org/10.1016/j.electacta.2017.02.053

Polymers 2021, 13, 3613 16 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

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

Hamsan, M.H.; Shukur, M.F; Aziz, S.B.; Kadir, M.F.Z. Dextran from Leuconostocmesenteroides-doped ammonium salt-based
green polymer electrolyte. Bull. Mater. Sci. 2019, 42, 57. [CrossRef]

Hirase, R.; Higashiyama, Y.; Mori, M.; Takahara, Y.; Yamane, C. Hydrated salts as both solvent and plasticizer for chitosan.
Carbohydr. Polym. 2010, 80, 993-996. [CrossRef]

Trung, T.S.; Thein-Han, W.W.; Qui, N.T.; Ng, C.-H.; Stevens, W.E. Functional characteristics of shrimp chitosan and its membranes
as affected by the degree of deacetylation. Bioresour. Technol. 2006, 97, 659-663. [CrossRef]

Bai, P,; Cao, F; Lan, X.; Zhao, F; Ma, Y.; Zhao, C. Chitosan gel beads immobilized Cu (II) for selective adsorption of amino acids.
J. Biochem. Biophys. Methods 2008, 70, 903-908. [CrossRef]

Lu, G.; Kong, L.; Sheng, B.; Wang, G.; Gong, Y.; Zhang, X. Degradation of covalently cross-linked carboxymethyl chitosan and its
potential application for peripheral nerve regeneration. Eur. Polym. J. 2007, 43, 3807-3818. [CrossRef]

Vettori, M.H.P.B.; Franchetti, S.M.M.; Contiero, J. Structural characterization of a new dextran with a low degree of branching
produced by Leuconostocmesenteroides FT045B dextransucrase. Carbohydr. Polym. 2012, 88, 1440-1444. [CrossRef]

Aziz, S.B.; Hamsan, M.H.; Kadir, M.E.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]
Rasali, N.M.J.; Saadiah, M.A.; Zainuddin, N.K.; Nagao, Y.; Samsudin, A.S. Ionic transport studies of solid bio-polymer electrolytes
based on carboxymethyl cellulose doped with ammonium acetate and its potential application as an electrical double layer
capacitor. Express Polym. Lett. 2020, 14, 619-637. [CrossRef]

Aziz, S.B.; Hamsan, M.H.; Karim, W.O.; Marif, A.S.; Abdulwahid, R.; Kadir, M.EZ.; Brza, M.A. Study of impedance and solid-state
double-layer capacitor behavior of proton (H+)-conducting polymer blend electrolyte-based CS:PS polymers. Ionics 2020, 26,
4635-4649. [CrossRef]

Hamsan, M.; Nofal, M.; Aziz, S.; Brza, M.; Dannoun, E.; Murad, A.; Kadir, M.; Muzakir, S. Plasticized Polymer Blend Electrolyte
Based on Chitosan for Energy Storage Application: Structural, Circuit Modeling, Morphological and Electrochemical Properties.
Polymers 2021, 13, 1233. [CrossRef]

Puteh, R.; Yahya, M.Z.A.; Ali, AM.M,; Sulaiman, M.; Yahya, R. Conductivity studies on chitosan-based polymer electrolytes with
lithium salts. Indones. ]. Phys. 2008, 16, 17-19.

Aziz, S.B.; Hadi, ].M.; Dannoun, EM.A.; Abdulwahid, R.T.; Saeed, S.R.; Marf, A.S.; Karim, W.O.; Kadir, M.E. The Study of
Plasticized Amorphous Biopolymer Blend Electrolytes Based on Polyvinyl Alcohol (PVA): Chitosan with High Ion Conductivity
for Energy Storage Electrical Double-Layer Capacitors (EDLC) Device Application. Polymers 2020, 12, 1938. [CrossRef]

Liang, S.; Huang, Q.; Liu, L.; Yam, K.L. Microstructure and Molecular Interaction in Glycerol Plasticized Chitosan/Poly(vinyl
alcohol) Blending Films. Macromol. Chem. Phys. 2009, 210, 832-839. [CrossRef]

Shukur, M.E; Hamsan, M.H.; Kadir, M.E.Z. Investigation of plasticized ionic conductor based on chitosan and ammonium
bromide for EDLC application. Mater. Today Proc. 2019, 17, 490-498. [CrossRef]

Asnawi, A.S.EM.; Aziz, S.B.; Nofal, M.M.; Hamsan, M.H.; Brza, M.A.; Yusof, Y.M.; Abdilwahid, R.T.; Muzakir, S.K.; Kadir, M.E.Z.
Glycerolized Li* Ion Conducting Chitosan-Based Polymer Electrolyte for Energy Storage EDLC Device Applications with
Relatively High Energy Density. Polymers 2020, 12, 1433. [CrossRef]

Yusof, Y.M.; Kadir, M.EZ. Electrochemical characterizations and the effect of glycerol in biopolymer electrolytes based on
methylcellulose-potato starch blend. Mol. Cryst. Lig. Cryst. 2016, 627, 220-233. [CrossRef]

Yu, S.; Yang, N.; Zhuang, H.; Meyer, ].; Mandal, S.; Williams, O.A.; Lilge, I.; Schonherr, H.; Jiang, X. Electrochemical Supercapaci-
tors from Diamond. J. Phys. Chem. C 2015, 119, 18918-18926. [CrossRef]

Gao, Y,; Zhou, Y.S.; Qian, M.; He, X.N.; Redepenning, J.; Goodman, P; Li, H.M; Jiang, L.; Lu, Y.F. Chemical activation of carbon
nano-onions for high-rate supercapacitor electrodes. Carbon 2013, 51, 52-58. [CrossRef]

Aziz, S.B.; Nofal, M.M.; Abdulwahid, R.T.; Ghareeb, H.; Dannoun, E.M.A.; Abdullah, R.; Hamsan, M.H.; Kadir, M.F.Z. Plasti-
cized Sodium-Ion Conducting PVA Based Polymer Electrolyte for Electrochemical Energy Storage—EEC Modeling, Transport
Properties, and Charge-discharge Characteristics. Polymers 2021, 13, 803. [CrossRef]

Iro, Z.S.; Subramani, C.; Dash, S.S. A brief review on electrode materials for supercapacitor. Int. J. Electrochem. Sci. 2016, 11,
10628-10643. [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.; 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]

Aziz, S.; Dannoun, E.; Hamsan, M.; Ghareeb, H.; Nofal, M.; Karim, W.; Asnawi, A.; Hadji, ].; Kadir, M. A Polymer Blend Electrolyte
Based on CS with Enhanced Ion Transport and Electrochemical Properties for Electrical Double Layer Capacitor Applications.
Polymers 2021, 13, 930. [CrossRef]

Inagaki, M.; Konno, H.; Tanaike, O. Carbon materials for electrochemical capacitors. |. Power Sources 2010, 195, 7880-7903.
[CrossRef]


http://doi.org/10.1007/s11581-016-1731-0
http://doi.org/10.1007/s12034-019-1740-5
http://doi.org/10.1016/j.carbpol.2010.01.001
http://doi.org/10.1016/j.biortech.2005.03.023
http://doi.org/10.1016/j.jprot.2008.01.001
http://doi.org/10.1016/j.eurpolymj.2007.06.016
http://doi.org/10.1016/j.carbpol.2012.02.048
http://doi.org/10.3390/ijms20133369
http://doi.org/10.3144/expresspolymlett.2020.51
http://doi.org/10.1007/s11581-020-03578-6
http://doi.org/10.3390/polym13081233
http://doi.org/10.3390/polym12091938
http://doi.org/10.1002/macp.200900053
http://doi.org/10.1016/j.matpr.2019.06.490
http://doi.org/10.3390/polym12061433
http://doi.org/10.1080/15421406.2015.1137115
http://doi.org/10.1021/acs.jpcc.5b04719
http://doi.org/10.1016/j.carbon.2012.08.009
http://doi.org/10.3390/polym13050803
http://doi.org/10.20964/2016.12.50
http://doi.org/10.1016/j.jmrt.2021.05.017
http://doi.org/10.3390/membranes11040289
http://doi.org/10.3390/polym13060930
http://doi.org/10.1016/j.jpowsour.2010.06.036

Polymers 2021, 13, 3613 17 of 19

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Pell, W.G.; Conway, B.E. Peculiarities and requirements of asymmetric capacitor devices based on combination of capacitor and
battery-type electrodes. J. Power Sources 2004, 136, 334-345. [CrossRef]

Kadir, M.F.Z.; Hamsan, M.H. Green electrolytes based on dextran-chitosan blend and the effect of NH4SCN as proton provider
on the electrical response studies. lonics 2018, 24, 2379-2398. [CrossRef]

Andrade, ].R.; Raphael, E.; Pawlicka, A. Plasticized pectin-based gel electrolytes. Electrochim. Acta 2009, 54, 6479-6483. [CrossRef]
Aziz, S.B.; Brza, M,; Saed, S.R.; Hamsan, M.H.; Kadir, M. Ion association as a main shortcoming in polymer blend electrolytes
based on CS:PS incorporated with various amounts of ammonium tetrafluoroborate. J. Mater. Res. Technol. 2020, 9, 5410-5421.
[CrossRef]

Asnawi, A.; Aziz, S.; Brevik, L; Brza, M.; Yusof, Y.; Alshehri, S.; Ahamad, T.; Kadir, M. The Study of Plasticized Sodium
Ion Conducting Polymer Blend Electrolyte Membranes Based on Chitosan/Dextran Biopolymers: Ion Transport, Structural,
Morphological and Potential Stability. Polymers 2021, 13, 383. [CrossRef]

Machappa, T.; Prasad, M.A. AC conductivity and dielectric behavior of polyaniline/sodium metavenadate (PANI/NaVO3)
composites. Phys. B Condens. Matter 2009, 404, 4168-4172. [CrossRef]

Raj, C.J.; Varma, K. Synthesis and electrical properties of the (PVA)0.7(KI)0.3-xH;SO; (0 < x < 5) polymer electrolytes and their
performance in a primary Zn/MnO; battery. Electrochim. Acta 2010, 56, 649-656. [CrossRef]

Hema, M.; Selvasekerapandian, S.; Sakunthala, A.; Arunkumar, D.; Nithya, H. Structural, vibrational and electrical characteriza-
tion of PVA-NH,Br polymer electrolyte system. Phys. B Condens. Matter 2008, 403, 2740-2747. [CrossRef]

Sivakumar, M.; Subadevi, R.; Rajendran, S.; Wu, N.-L.; Lee, ]. Electrochemical studies on [(1—-Xx)PVA-xPMMA] solid polymer
blend electrolytes complexed with LiBF4. Mater. Chem. Phys. 2006, 97, 330-336. [CrossRef]

Wan, Y.; Creber, K.A.; Peppley, B.; Bui, V. Ionic conductivity of chitosan membranes. Polymers 2003, 44, 1057-1065. [CrossRef]
Malathi, J.; Kumaravadivel, M.; Brahmanandhan, G.; Hema, M.; Baskaran, R.; Selvasekarapandian, S. Structural, thermal and
electrical properties of PVA-LiCF3SO3 polymer electrolyte. |. Non Cryst. Solids 2010, 356, 2277-2281. [CrossRef]

Tamilselvi, P.; Hema, M. Impedance studies of polymer electrolyte based on PVA:PVdF: LiCF3503. Int. ]. ChemTech. Res. 2014, 6,
1864-1866.

Aziz, S.B.; Abidin, Z.H.Z. Ion-transport study in nanocomposite solid polymer electrolytes based on chitosan: Electrical and
dielectric analysis. J. Appl. Polym. Sci. 2015, 132, 41774. [CrossRef]

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. ]. Electrochem. Sci. 2007, 2, 861-871.

Aziz, S.B.; Abdullah, R.M. Crystalline and amorphous phase identification from the tand 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]

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

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

Brza, M.; Aziz, S.; Anuar, H.; Alshehri, S.; Ali, F; Ahamad, T.; Hadi, 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]

Aziz, S.; Nofal, M.; Kadir, M.; Dannoun, E.; Brza, M.; Hadji, ]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]

Amran, N.N.A.; Manan, N.S.A.; Kadir, M.F.Z. The effect of LiCF3SO3 on the complexation with potato starch-chitosan blend
polymer electrolytes. Ionics 2016, 22, 1647-1658. [CrossRef]

Ndruru, S.T.C.L.; Wahyuningrum, D.; Bundjali, B.; Arcana, I.M. Preparation and Characterization of Biopolymer Electrolyte
Membranes Based on LiClO4-Complexed Methyl Cellulose as Lithium-ion Battery Separator. J. Eng. Technol. Sci. 2020, 52, 28.
[CrossRef]

Hafiza, M.; Isa, M.LN.M. Correlation between structural, ion transport and ionic conductivity of plasticized 2-hydroxyethyl
cellulose based solid biopolymer electrolyte. J. Membr. Sci. 2020, 597, 117176. [CrossRef]

Aziz, S.B.; Hamsan, M.H.; Brza, M. A ; Kadir, M.F.Z.; Abdulwahid, R.T.; Ghareeb, H.O.; Woo, H.J. Fabrication of energy storage
EDLC device based on CS:PEO polymer blend electrolytes with high Li+ ion transference number. Results Phys. 2019, 15, 102584.
[CrossRef]

Aziz, S.; Hamsan, M.H.; Nofal, M.; Karim, W.O,; Brevik, L ; Brza, M.; Abdulwahid, R.T.; Al-Zangana, S.; Kadir, M.F. Structural,
Impedance and Electrochemical Characteristics of Electrical Double Layer Capacitor Devices Based on Chitosan: Dextran
Biopolymer Blend Electrolytes. Polymers 2020, 12, 1411. [CrossRef] [PubMed]

Shukur, M.; Azmi, M.S.; Zawawi, S.M.M.; Majid, N.; Illias, H.; Kadir, M.E.Z. Conductivity studies of biopolymer electrolytes
based on chitosan incorporated with NH4Br. Phys. Scr. 2013, 2013, 014049. [CrossRef]

Sohaimy, M.LLH.; Isa, M.LLN. Ionic conductivity and conduction mechanism studies on cellulose based solid polymer electrolytes
doped with ammonium carbonate. Polym. Bull. 2017, 74, 1371-1386. [CrossRef]


http://doi.org/10.1016/j.jpowsour.2004.03.021
http://doi.org/10.1007/s11581-017-2380-7
http://doi.org/10.1016/j.electacta.2009.05.098
http://doi.org/10.1016/j.jmrt.2020.03.067
http://doi.org/10.3390/polym13030383
http://doi.org/10.1016/j.physb.2009.07.194
http://doi.org/10.1016/j.electacta.2010.09.076
http://doi.org/10.1016/j.physb.2008.02.001
http://doi.org/10.1016/j.matchemphys.2005.08.018
http://doi.org/10.1016/S0032-3861(02)00881-9
http://doi.org/10.1016/j.jnoncrysol.2010.08.011
http://doi.org/10.1002/app.41774
http://doi.org/10.1016/j.electacta.2018.07.233
http://doi.org/10.1007/s11581-012-0667-2
http://doi.org/10.1016/j.polymertesting.2020.106813
http://doi.org/10.3390/membranes11040296
http://doi.org/10.3390/ma14081994
http://doi.org/10.1007/s11581-016-1684-3
http://doi.org/10.5614/j.eng.technol.sci.2020.52.1.3
http://doi.org/10.1016/j.memsci.2019.117176
http://doi.org/10.1016/j.rinp.2019.102584
http://doi.org/10.3390/polym12061411
http://www.ncbi.nlm.nih.gov/pubmed/32599794
http://doi.org/10.1088/0031-8949/2013/T157/014049
http://doi.org/10.1007/s00289-016-1781-5

Polymers 2021, 13, 3613 18 of 19

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

El Sayed, A.M.; Khabiri, G. Spectroscopic, Optical and Dielectric Investigation of (Mg, Cu, Ni, or Cd) Acetates’ Influence on
Carboxymethyl Cellulose Sodium Salt/Polyvinylpyrrolidone Polymer Electrolyte Films. ]. Electron. Mater. 2020, 49, 2381-2392.
[CrossRef]

Sundaramahalingam, K.; Muthuvinayagam, M.; Nallamuthu, N. AC Impedance Analysis of Lithium Ion Based PEO:PVP Solid
Polymer Blend Electrolytes. Polym. Sci. Ser. A 2019, 61, 565-576. [CrossRef]

Alghunaim, N.S. Optimization and spectroscopic studies on carbon nanotubes/PVA nanocomposites. Results Phys. 2016, 6,
456-460. [CrossRef]

Mejenom, A.A.; Hafiza, M.N.; Isa, M.LLN. X-Ray diffraction and infrared spectroscopic analysis of solid biopolymer electrolytes
based on dual blend carboxymethyl cellulose-chitosan doped with ammonium bromide. ASM Sci. J. 2018, 11, 37—46.

Poy, S.Y.; Bashir, S.; Omar, ES.; Saidi, N.M.; Farhana, N .K.; Sundararajan, V.; Ramesh, K.; Ramesh, S. Poly (1-vinylpyrrolidone-co-
vinyl acetate) (PVP-co-VAc) based gel polymer electrolytes for electric double layer capacitors (EDLC). J. Polym. Res. 2020, 27, 50.
[CrossRef]

Xi, J.; Bai, Y,; Qiu, X.; Zhu, W,; Chen, L.; Tang, X. Conductivities and transport properties of microporous molecular sieves doped
composite polymer electrolyte used for lithium polymer battery. New J. Chem. 2005, 29, 1454-1460. [CrossRef]

Salomon, M.; Xu, M.; Eyrin, E.M.; Petrucci, S. Molecular Structure and Dynamics of LiClO4-Polyethylene Oxide—400 (Dimethyl
Ether and Diglycol Systems) at 25.degree. C. J. Phys. Chem. 1994, 98, 8234. [CrossRef]

Wieczorek, W.; Raducha, D.; Zalewska, A.; Stevens, ].R. Effect of Salt Concentration on the Conductivity of PEO-Based Composite
Polymeric Electrolytes. J. Phys. Chem. B 1998, 102, 8725. [CrossRef]

Abarna, S.; Hirankumar, G. Electrical, dielectric and electrochemical studies on new Li ion conducting solid polymer electrolytes
based on polyethylene glycol p-tert-octylphenyl ether. Polym. Sci. Ser. A 2017, 59, 660-668. [CrossRef]

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

Asnawi, A.; Hamsan, M.; Kadir, M.; Aziz, S.; Yusof, Y. Investigation on electrochemical characteristics of maltodextrin-methyl
cellulose electrolytes. Mol. Cryst. Lig. Cryst. 2020, 708, 63-91. [CrossRef]

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

Aziz, S.B.; Abdullah, RM.; Kadir, M.EZ.; 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]

Aziz, S.B.; Kadir, M.EZ.; Abidin, Z.H.Z. Structural, Morphological and Electrochemical Impedance Study of CS:LiTf based Solid
Polymer Electrolyte: Reformulated Arrhenius Equation for Ion Transport Study. Int. J. Electrochem. Sci. 2016, 11, 9228-9244.
[CrossRef]

Dimri, M.C.; Kumar, D.; Aziz, S.B.; Mishra, K. ZnFe;O, nanoparticles assisted ion transport behavior in a sodium ion conducting
polymer electrolyte. lonics 2021, 27, 1143-1157. [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]

Dannoun, E.M.; Aziz, S.B.; Brza, M.A.; Nofal, M.M.; Asnawi, A.S.; Yusof, YM.; Al-Zangana, S.; Hamsan, M.H.; Kadir, M.EZ.;
Woo, H.J. The Study of Plasticized Solid Polymer Blend Electrolytes Based on Natural Polymers and Their Application for Energy
Storage EDLC Devices. Polymers 2020, 12, 2531. [CrossRef]

Aziz, B.; Marf, S.; Dannoun, A.; Brza, EM.A.; Abdullah, R M. The Study of the Degree of Crystallinity, Electrical Equivalent
Circuit, and Dielectric Properties of Polyvinyl Alcohol (PVA)-Based Biopolymer Electrolytes. Polymers 2020, 12, 2184. [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 2012, 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]

Amudha, S. Silver Ion Conducting Characteristics of a Polyethylene Oxide-based Composite Polymer Electrolyte And Application
In Solid State Batteries. Adv. Mater. Lett. 2015, 6, 874-882. [CrossRef]

Shukur, M.E; Ithnin, R.; Kadir, M.E.Z. Ionic conductivity and dielectric properties of potato starch-magnesium acetate biopolymer
electrolytes: The effect of glycerol and 1-butyl-3-methylimidazolium chloride. Ionics 2016, 22, 1113-1123. [CrossRef]

Mohan, K.R.; Achari, V;; Rao, V.; Sharma, A. Electrical and optical properties of (PEMA /PVC) polymer blend electrolyte doped
with NaClO4. Polym. Test. 2011, 30, 881-886. [CrossRef]

Tang, J.; Muchakayala, R.; Song, S.; Wang, M.; Kumar, K.N. Effect of EMIMBF4 ionic liquid addition on the structure and ionic
conductivity of LiBF4-complexed PVAE-HFP polymer electrolyte films. Polym. Test. 2016, 50, 247-254. [CrossRef]

Francis, K.A.; Liew, C.-W.; Ramesh, S.; Ramesh, K.; Ramesh, S. Ionic liquid enhanced magnesium-based polymer electrolytes for
electrical double-layer capacitors. Ionics 2016, 22, 919-925. [CrossRef]

Shuhaimi, N.E.A.; Alias, N.A.; Majid, S.R.; Arof, A K. Electrical double layer capacitor with proton conducting k-carrageenan-—
chitosan electrolytes. Funct. Mater. Lett. 2008, 1, 195-201. [CrossRef]


http://doi.org/10.1007/s11664-020-07953-x
http://doi.org/10.1134/S0965545X19050171
http://doi.org/10.1016/j.rinp.2016.08.002
http://doi.org/10.1007/s10965-020-2016-x
http://doi.org/10.1039/b505332c
http://doi.org/10.1021/j100084a047
http://doi.org/10.1021/jp982403f
http://doi.org/10.1134/S0965545X17050017
http://doi.org/10.3390/polym13081183
http://doi.org/10.1080/15421406.2020.1810954
http://doi.org/10.1016/j.ijhydene.2019.02.062
http://doi.org/10.1016/j.electacta.2018.11.081
http://doi.org/10.20964/2016.11.18
http://doi.org/10.1007/s11581-020-03899-6
http://doi.org/10.1007/s11581-017-2051-8
http://doi.org/10.3390/polym12112531
http://doi.org/10.3390/polym12102184
http://doi.org/10.1016/j.ssi.2011.11.032
http://doi.org/10.1021/acsenergylett.7b00792
http://doi.org/10.5185/amlett.2015.5831
http://doi.org/10.1007/s11581-015-1627-4
http://doi.org/10.1016/j.polymertesting.2011.08.010
http://doi.org/10.1016/j.polymertesting.2016.01.023
http://doi.org/10.1007/s11581-015-1619-4
http://doi.org/10.1142/S1793604708000423

Polymers 2021, 13, 3613 19 of 19

84.

85.

86.

87.
88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Mustafa, M.S.; Ghareeb, H.O.; Aziz, S.B.; Brza, M.A.; Al-Zangana, S.; Hadi, ].M.; Kadir, M.F.Z. Electrochemical Characteristics of
Glycerolized PEO-Based Polymer Electrolytes. Membranes 2020, 10, 116. [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]

Bandaranayake, C.M.; Weerasinghe, W.A.D.S.S.; Vidanapathirana, K.P,; Perera, K.S. A Cyclic Voltammetry study of a gel polymer
electrolyte based redox-capacitor. Sri Lankan J. Phys. 2016, 16, 19. [CrossRef]

Eftekhari, A. The mechanism of ultrafast supercapacitors. J. Mater. Chem. A 2018, 6, 2866—2876. [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]

Fattah, N.F.A.; Wang, H.M.-L.; Mahipal, Y.K.; 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]

Das, S.; Ghosh, A. Solid Polymer Electrolyte Based on PVDF-HFP and Ionic Liquid Embedded with TiO2Nanoparticle for Electric
Double Layer Capacitor (EDLC) Application. . Electrochem. Soc. 2017, 164, F1348-F1353. [CrossRef]

Liew, C.-W.; Ramesh, S.; Arof, A. Enhanced capacitance of EDLCs (electrical double layer capacitors) based on ionic liquid-added
polymer electrolytes. Energy 2016, 109, 546-556. [CrossRef]

Kwon, Y.H.; Kumar, S.; Bae, J.; Seo, Y. CVD-graphene for low equivalent series resistance in rGO/CVD-graphene/Ni-based
supercapacitors. Nanotechnology 2018, 29, 195404. [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]

Hina, M.; Bashir, S.; Kamran, K.; Ramesh, S.; Ramesh, K. Synthesis and characterization of self-healable poly (acrylamide)
hydrogel electrolytes and their application in fabrication of aqueous supercapacitors. Polymers 2020, 210, 123020. [CrossRef]
Mazuki, N.; Majeed, A.PP.A.; Samsudin, A.S. Study on electrochemical properties of CMC-PVA doped NH4Br based solid
polymer electrolytes system as application for EDLC. J. Polym. Res. 2020, 27, 135. [CrossRef]

Zhong, C.; Deng, Y.; Hu, W.; Qiao, J.; Zhang, L.; Zhang, ]. A review of electrolyte materials and compositions for electrochemical
supercapacitors. Chem. Soc. Rev. 2015, 44, 7484-7539. [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. 2019, 101, 123-145. [CrossRef]


http://doi.org/10.3390/membranes10060116
http://doi.org/10.1016/j.ssi.2011.03.018
http://doi.org/10.4038/sljp.v16i1.8026
http://doi.org/10.1039/C7TA10013B
http://doi.org/10.1179/143307511X13031890749299
http://doi.org/10.3390/ma9060450
http://doi.org/10.1149/2.0561713jes
http://doi.org/10.1016/j.energy.2016.05.019
http://doi.org/10.1088/1361-6528/aab236
http://doi.org/10.1016/j.electacta.2014.05.075
http://doi.org/10.1016/j.polymer.2020.123020
http://doi.org/10.1007/s10965-020-02078-5
http://doi.org/10.1039/C5CS00303B
http://doi.org/10.1016/j.rser.2018.10.026

	Introduction 
	Experimental 
	Materials and Sample Preparation 
	Test Methods 
	Electrical Impedance Spectroscopy (EIS) 
	Fourier-Transform Infrared Spectroscopy (FTIR) 


	Results and Discussion 
	Impedance Study 
	FTIR Study 
	Electrochemical Properties 
	TNM Study 
	LSV Study 
	CV Analysis 
	Galvanostatic Charge–Discharge Properties 


	Conclusions 
	References

