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Abstract: In this work, a pair of biopolymer materials has been used to prepare high ion-conducting
electrolytes for energy storage application (ESA). The chitosan:methylcellulose (CS:MC) blend was
selected as a host for the ammonium thiocyanate NH4SCN dopant salt. Three different concentra-
tions of glycerol was successfully incorporated as a plasticizer into the CS-MC-NH4SCN electrolyte
system. The structural, electrical, and ion transport properties were investigated. The highest conduc-
tivity of 2.29 x 107* S cm™~! is recorded for the electrolyte incorporated 42 wt.% of plasticizer. The
complexation and interaction of polymer electrolyte components are studied using the FTIR spectra.
The deconvolution (DVN) of FTIR peaks as a sensitive method was used to calculate ion transport
parameters. The percentage of free ions is found to influence the transport parameters of number
density (1), ionic mobility (i), and diffusion coefficient (D). All electrolytes in this work obey the
non-Debye behavior. The highest conductivity electrolyte exhibits the dominancy of ions, where
the ionic transference number, t;,, value of (0.976) is near to infinity with a voltage of breakdown of
2.11 V. The fabricated electrochemical double-layer capacitor (EDLC) achieves the highest specific
capacitance, Cs of 98.08 F/g at 10 mV /s by using the cyclic voltammetry (CV) technique.

Keywords: chitosan; methylcellulose; ammonium thiocyanate; glycerol; ionic transport parameters;
TNM and LSV; CV and EDLC

1. Introduction

The approaches towards the application of natural solid polymer electrolytes in elec-
trochemical devices such as proton batteries and electrochemical double-layer capacitors
(EDLCs) has received attention in this era of technology [1]. Several studies showed the
potential of natural solid polymer electrolytes for device applications due to their superior
mechanical and chemical performance [2-6]. Due to the ability to achieve a high specific
capacitance, power density as well as endurance, the EDLC has become a suitable replace-
ment candidate to the other capacitors [7-9]. Since the storage mechanism follows the
non-Faradaic process, an EDLC only involves the accumulation of ions that is caused by the
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fast reversible charges carrier’s adsorption at the electrode/electrolyte interfaces [10]. Due
to the characteristics such as a large surface area, high porosity, and being non-expensive,
activated carbon is one of the most used materials for the electrode in EDLCs [11,12].

In addition, the advantage of using natural polymers in the electrochemical study,
especially in the fabrication of EDLCs, is that it could prevent the impact of environmental
pollution which might be due to the conventional batteries [13,14]. Chitosan (CS) is
the widespread category of polymers used in the preparation of polymer electrolytes
because it has biodegradable and biocompatible properties [15-17]. CS is produced from
the deacetylation process of chitin and because of its chemical composition, the inclusion
of (OH and NH)y) in its backbone structure, CS can be a strong ionic conductor [18-20].
Moreover, due to several properties such as good thermal and mechanical strength as
well as biocompatibility, methylcellulose (MC) is also usually used as a polymer host
component in polymer electrolyte synthesis [21]. MC is a derivative of cellulose that
has the amphiphilic ability due to the various hydrophilic carboxyl and hydrophobic
polysaccharides present in the chemical backbone. Both polymers have been found to
be full of oxygen containing functional groups with lone pair electrons that are potential
carriers for ionic conduction [22,23].

In conjunction with preventing environmental pollution which could be due to the
usage of lithium-based salts, many studies proved that ammonium-based salts such as
NH4SCN [6,24], NH4NO3 [25,26], NH4Br [27,28], and NH4F [29], have promising poly-
mer electrolyte characteristics with a comparable dissociation of ions [30]. Besides, the
presence of NH4* and H* in the ammonium-based electrolyte could achieve a high ionic
conductivity [31]. The low lattice energy of NH4SCN (605 kJ /mol) makes the electrolyte
need a lesser amount of energy to break the ionic bonds, which is crucial in optimizing
the conductivity value of the electrolytes [32,33]. Furthermore, the dissociation of the
ions can be developed with the incorporation of a plasticizer which also can improve
the ionic conductivity, amorphousness, and thermal properties of the electrolyte that is
important for the high performance of future energy device applications [34-36]. Many
studies in the literature formulated the polymer electrolytes with the addition of various
glycerol concentrations as the function to plasticize the respective systems [37-39]. Thus,
this work describes the effect of different glycerol concentrations on the CS-MC-NH;SCN
electrolyte system and consequently, electrolytes with the most satisfactory performance
will be employed in the fabrication of EDLCs.

2. Methodology
2.1. Sample Preparation

The preparation of the polymer blend host in this work involved chitosan (CS) and
methylcellulose (MC) which was directly used as purchased from Sigma—Aldrich (Darm-
stadt, Germany). Under an ambient condition, CS (70 wt.%) and MC (30 wt.%) were firstly
dissolved separately in 1% acetic acid (40 mL) for 3 h. The CS and MC solutions were
mixed and stirred to obtain a homogeneous CS-MC blend solution. To prepare a polymer
electrolyte, a fixed amount of ammonium thiocyanate (NH;SCN) (40 wt.%) was added
to the CS-MC blend solution. Consequently, three different concentrations of glycerol
plasticizer (14, 28, and 42 wt.%) were added separately into the CS-MC-NH4SCN polymer
electrolyte solution where the samples were coded as CSMCD1, CSMCD2, and CSMCD3,
respectively. Once the glycerolized CS-MC-NH;SCN solutions reached a homogeneous
state, they were cast into plastic Petri dishes and then left to dry for several days. The
thickness of the membranes were in the range of 121-123 pm. The samples were kept in a
desiccator prior to the characterizations.

2.2. Impedance Study

One of the significant characteristics that need to be studied is the impedance proper-
ties of polymer electrolytes. This analysis was conducted using the HIOKI 3532-50 LCR
HiTESTER(HIOKI, Nagano, Japan) at 50 Hz to 5 MHz under room temperature. By taking
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the values of bulk resistance (R;) from Nyquist plots as well as the surface area, A and
thickness, d of the electrolytes, the ionic conductivity, o values of the electrolytes can be
determined using the following relation:
da_ 1
o= a X R 1

2.3. FTIR Study

Furthermore, the Fourier transform infrared (FTIR) spectroscopy analysis was also
carried out to investigate the interaction and complexation among the polymers, salt, and
plasticizer. The FTIR analysis in this work was employed using a Spotlight 400 Perkin—
Elmer spectrometer (Perkin Elmer, Melville, NY, United States) with 1 cm ! resolution in
the range of 500 to 4000 cm~!. To further support the ionic conductivity studies, the ionic
transport parameters; number density (1), ionic mobility (i), and diffusion coefficient (D)
based on the percentage of free ions were identified. The deconvolution DVN method via
the Gaussian-Lorentzian function was used to extract overlapping peaks as well as correct
the baseline of the curves. The percentage of free ions and the transport parameters can be
determined using the following equations [28,40,41].

A
Free ions C'/0 - Af—'—A—f—i—Ag X 100 (2)
n= M Na X (free ion %) (©)]
VTOtﬂl
[
p= 4)

where Ay denotes the area below the peak in terms of the free ion’s region, A stands for the
area under the peak in terms of the contact ion region, and A, represents the area below the
peak in terms of the ion aggregates region. M represents the number of moles of glycerol,
Ny is Avogadro’s number and V1 is the total volume of the polymer electrolytes. k and e
are the Boltzmann constant and elementary charge, respectively, while T represents the
temperature in Kelvin.

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

The ion dominancy within the electrolyte, based on the ionic (t;,,,) and electronic (¢,.)
transference number values, can be studied using the transference number measurement
(TNM). This analysis was performed using a V&A Instrument DP3003 digital DC power
supply (V & A Instrument, Shanghai, China) at 0.20 V operating voltage. Besides, the
linear sweep voltammetry (LSV) was employed to measure the breakdown voltage of
an electrolyte which was carried out using a Digi-IVY DY2300 potentiostat (Neware,
Shenzhen, China) with a 10 mV /s scan rate. The stainless steel (SS) electrodes were used
with only the highest conducting electrolyte that was involved for these analyses and the
cell arrangement was SS | electrolyte | SS.

2.5. EDLC Fabrication and Characterization

Based on our previous work on the fabrication of EDLCs, the preparation of activated
carbon electrodes was well-explained [42,43]. The specific capacitance, Cs value for the
EDLC was determined using the cyclic voltammetry (CV) that was carried out on a Digi-
IVY DY2300 potentiostat at the sweep rates of 10 to 100 mV /s. The mass of the coated AC
electrode on the aluminum foil was 0.00243 g and its thickness was 0.02 cm. The area of
the electrode was 2.01 cm?.
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3. Results and Discussion
3.1. Impedance and Circuit Modeling Analysis

The electrochemical impedance spectroscopy (EIS) plots for the electrolytes at room
temperature are shown in Figure 1. EIS is beneficial to determine the impedance properties
of the films. It can be observed that the plot consists of a curved portion of the data
points at high frequency for the CSMCD1 and CSMCD2 systems which represent a parallel
combination of a constant phase element (CPE) and a resistor, where CPE indicates the
immobile polarized polymer chains in the alternating field while the resistor is for the
migration of ions [44,45]. For the CSMCD3 system, only a spike can be evidenced at
42 wt.% of glycerol. Another obvious region that can be observed is a non-vertical spike
(less than 90°) at a low frequency that is associated with the electrodes blocking effects
which also suggests the in-homogeneity surface at the electrolyte-electrode interface. This
phenomenon leads to the inability of mobile ions to penetrate the electrode but it will form
an electrical double layer near to the surface of each electrode [46].
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Figure 1. Impedance plots for the electrolytes.

Based on Figure 1, the presence of a curved portion of the data points is noticed to
disappear with the increase in glycerol concentration to 42 wt.% where the bulk resistance,
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Ry, value is reduced (see Table 1). This situation is caused by the resistive element in the
electrolyte that decreases and can be estimated from the interception of R; to the real
impedance (Z;) axis [47]. For CSMCD1 and CSMCD2, the Ry, value is obtained from the
interception of a semicircle and the Z,, while the interception of the inclined spike and
Z, axis shows the R; value in CSMCD3. The highest conductivity value obtained in this
work is 229 x 107* S cm ™! by the CSMCD3 electrolyte which was found to be compatible
with the application of electrochemical devices that normally applied an electrolyte with a
conductivity of ~1073 to 107° S cm~!. The conductivity is higher than the CS-MC polymer
blend host that was reported at 3.35 x 1077 S cm ™! [48]. Researchers also found that these
ranges of conductivity values are beneficial to be applied in the energy devices [27,49-52].
Hence, the CSMCD3 electrolyte could promise a good performance of energy devices.

Table 1. The R; and conductivity values of the electrolytes.

Electrolyte Ry, (Ohm) Conductivity (S cm—1)
CSMCD1 290.22 531 x 107°
CSMCD2 234.19 6.59 x 10~°
CSMCD3 67.37 2.29 x 1074

Further understanding of the electrical properties of each electrolyte can be inspected
by means of the electrical equivalent circuits (EECs) as shown in the impedance plots
(Figure 1). From the EECs modeling, the values of circuit elements can be identified where
the expression of CPE impedance (Z¢p) is as follows [53-55]:

Zer = chgleos(Z) i) 0

In Equation (6), C and w represent the CPE capacitance and the angular frequency,
respectively, while p is the deviation of the plot from the axis. The real impedance, Z, and
imaginary impedance, Z; of the plots that consist of both spike and semicircle (CSMCD1
and CSMCD?2) can be calculated using the equations below:

RyCrewPt cos(78L) + R, cos(752)
Zr = 1 4N 2(02,2p1 CowP2 @
2R, CiwPr cos () + RICiw?1 +1 2
‘ R2CywPr sin(T1) sin(7f2) @®)
1

- 2R, CywPt cos(THL) + RICw?1 +1 CorwP2

where p; is the deviation semicircle from the vertical axis while p; is the deviation of the
spike from the horizontal axis. The high and low-frequency capacitances are designated as
C1 and Cy, respectively. For the plot that consists of only a spike (CSMCD3) where R; and
CPE are connected in series, the Z, and Z; of the electrolyte can be expressed as:

_ cos(7)
Zr=—cop TR ©)
sin(Z%2
Zi= CE‘};) (10)

The obtained circuit element values are listed in Table 2. It is noticed that CPE2
values are increased with the increases in glycerol concentration which explained the
enhancement of the number of ions in the electrolytes which increases the availability
for electrode polarization, hence increasing the capacitance value at low frequency [56].
These also contribute to better mobility and dissociation of ions which also verifies the
formation of attractive forces between polymer chain segments and glycerol molecules
that results in a lower cohesive attraction and further enhance the ionic conductivity of
the electrolytes [57-59]. Marf et al. [60] stated that the mobility of ions and flexibility of



Polymers 2021, 13, 1183

6 of 21

the polymer chain as well as the usage of glycerol as a plasticizer are the significant factors
that affect the ionic conductivity of the polymer electrolytes.

Table 2. The circuit elements values for the electrolytes. CPE: constant phase element.

Electrolyte p1 (rad) CPE1 (F) p2 (rad) CPE 2 (F)

CSMCD1 0.46 143 x 105 1.08 465 x 107°
CSMCD2 0.49 1.11 x 1073 1.05 741 x 107
CSMCD3 - - 1.13 893 x 10

3.2. FTIR Study

The FTIR spectra for the electrolytes (as shown in Figure 2) is important to identify
the complexation as well as the interaction between the electrolyte components which are
polymers (CS and MC), NH4SCN salt, and glycerol. The band assignments based on the
FTIR spectra are tabulated in Table 3.

=
3 W
S
=
s
.g m
=
s
-
——(CSMCDl ——CSMCD2 ——CSMCD3
4000 3125 2250 1375 500

Wavenumber (cm™)

Figure 2. FTIR spectra of the electrolytes.

The vibrational peak at 3407 cm~! (CSMCD1) corresponds to the O-H stretching,
where the high intensity of this peak exposed the well-developed interaction that leads to
the increase in ions dissociation which is important in increasing the conductivity [61,62].
As mentioned by Hamsan et al. [63], the indicator of an interaction between two polymers
in a polymer blend system can be determined through the peaks shifting of the functional
groups containing oxygen atoms such as hydroxyl and ether groups. In the CS-MC-
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NH4SCN system added with glycerol, the oxygen atoms in polymer form a hydrogen bond
with the hydrogen atom of hydroxyl in another polymer [32]. Besides, the O-H bands
are also credited to the NH;* asymmetry which explains the bending of NH* that could
result in a greater tendency for the H* to be released [64]. Moreover, the bands located
at 2957 cm~! and 2895 cm~! in CSMCD1 are due to the C-H stretching, symmetrically
and asymmetrically [21,65]. It is noticed that the C-H symmetrical stretching is shifted to a
lower wavenumber (WN) of 2954 and 2950 cm ! in CSMCD2 and CSMCD3, respectively.
Meanwhile, the C-H asymmetrical stretching is observed to shift to a higher WN as the
glycerol concentration is increased. This movement of peaks proves the development of
complex interaction between the CS-MC-NH4SCN system with plasticizer [66].

Table 3. Vibrational assignments of FTIR spectra for the electrolytes.

Wavenumber (cm—1)

CSMCD1 CSMCD2 CSMCD3 Assignments References
3407 3405 3392 O-H stretching [67-69]
2957 2954 2950 C-H symmetrical stretching [21,65]
2895 2898 2901 C-H asymmetrical stretching [21,65]
2059 2062 2063 S—C=N stretching [32,33]
1640 1645 1647 C=0 stretching [67-69]
1441 1448 1453 C=C stretching [67,68]
1044 1043 1039 C-O stretching [67,68,70-72]
957 961 968 C-Hj; rocking [73-75]

Furthermore, the peaks related to the C=O and C=C stretchings can be observed
at 1640 and 1441 cm™!, respectively [67-69]. These peaks are then shifted towards a
higher WN when the concentration of glycerol is increased, which explains the interaction
between glycerol and cations from the polymer—salt complex [62]. A comparable WN
range for these bands was reported by Aziz et al. [67] and Wang et al. [68]. Another
obvious sharp peak credited to the C-O stretching is observed at 1044, 1043, and 1039 cm !
for CSMCD1, CSMCD2, and CSMCD3 electrolytes, respectively. As this peak becomes
sharper at a high concentration of glycerol, a small shoulder peak that is assigned to C-Hp
rocking has appeared at 957, 961, and 968 cm~! for CSMCD1, CSMCD2, and CSMCD3
electrolytes, respectively. This further proves the interaction between the CS-MC-NH4SCN
and glycerol.

In addition, the FTIR analysis is also beneficial to determine the association and
dissociation of ions within the electrolytes [76]. There are two possible reactive sites in the
thiocyanate anion (SCN")which can form N-bonding (CN stretching) and S-bonding (CS
stretching) as well as the complexes of the N and S atoms (SCN bending) [77]. According
to Shamsuri et al. [32], the association and dissociation of ions can be identified in the
overlapping spectra between 2030 to 2090 cm ™! in the PVA-MC-NH4SCN electrolyte
system. Besides, Woo et al. [77] mentioned in their report that the free ions, contact ions
pairs, and ion aggregates in the poly(e-caprolactone) incorporated with NH4SCN salt
were located at 2040, 2058, and 2074 cm ™!, respectively. In this work, FTIR spectra at
2030-2090 cm ! are selected to be DVN (Figure 3) in order to evaluate the percentage of the
area under the peak of each band, which can be calculated using Equation (2). The curves
of the FTIR spectra of the SCN stretching modes in the CS-MC-NH4SCN with a glycerol
content ranging from 14 wt.% to 42 wt.% are presented in Figure 3. The DVN of the FTIR
spectra is used as an approach technique to separate the overlapping bands accordingly.
The increase in free ions in the system suggests that more H* is being dissociated from
NH,", resulting in a rise in ionic conductivity, whereas the ion pairs represent the ions
including NH4* or SCN™ [78,79].
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Figure 3. Deconvoluted FTIR spectra at 2030-2090 cm .

The free ions peak is observed at 2044-2046 cm~!, while the contact ions and ion
aggregates peaks are located at 2060-2061 cm ™! and 20742076 cm ™!, respectively. The
percentage of ionic species is determined through the integral area fraction under the curve
as summarized in Figure 4. It can be observed that increasing the glycerol concentration
induces an increase in the free ions, whereas decreasing leads to a substantial reduction
in contact ions. At 14 wt.% of glycerol, contact ions, free ions, and ion aggregates display
a percentage of 64%, 22%, and 14%, respectively. As further glycerol was comprised, the
integral percentage of free ions increased to (28%) and (32%) at (28 wt.%) and (42 wt.%),
correspondingly. However, the integral percentage of ion aggregates was found to be
slightly increased. Additionally, the association between different ionic species tends to
be clear. Once the percentage of free ions reaches the highest value, the contact ion pairs
demonstrate the lowest value. The reduction in contact ions is due to the increment of the
concentration of free ions and ion aggregates in the electrolytes. The glycerol concentration
is found to impact the percentage of ion species since the intensity of free ions peak becomes
higher when the concentration of glycerol increases. This is highly harmonized with the
ionic conductivity trend. The percentage of free ions for CSMCD3 is the highest of 32% with
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the minimum percentage of contact ions and ion aggregates. A comparable observation
was reported by Noor and Isa [40] and Brza et al. [80].

100
—8—Free ions
—— [ons aggregate
75 - ——Contact ions
- 64
=
é 55
[<P]
g 50 4
= 43
51
o
3 . 32
22
25 ] ././.
25
14 17
0 1 1 1
0 14 28 42 56

Glycerol concentration (wt.%)
Figure 4. Percentage of free ions, contact ions pairs, and ion aggregates for the electrolytes.

Based on the free ions percentage, the transport parameters; number density (1), ionic
mobility (1), and diffusion coefficient (D) can be calculated using Equations (3)—(5), as
listed in Table 4. The results illustrate the influence of glycerol concentration on the values
of the number density of ions, as well as the ionic mobility and diffusion coefficient. It
is noteworthy that the number of ions (1) tends to increase steadily as the concentration
of glycerol increases. In the meantime, the ionic mobility (1) and diffusion coefficient (D)
are observed to obey the ionic conductivity trend. Here, it is worth mentioning that the
ionic conductivity of the current system is increased by increasing (1) value, as revealed by
the value of the free ion, which improved progressively by further adding glycerol into
the system. The increment of the ionic mobility (#) and diffusion coefficient (D) is due to
the chain flexibility enhancement caused by the inclusion of glycerol. This is owing to the
fact that the incorporation of extra glycerol dissociates extra salts to the free ions, thereby,
raising the number of charge carriers in the system. The CSMCD3 electrolyte has the
highest values of 7, 4 and D that optimized at 1.27 x 10*3 em~3,1.13 x 1078 em?2.V—1.s7!
and 2.95 x 1071 cm?-s71, respectively. The findings obtained from the ionic transport
study in this work can conclude that the ionic conductivity result can be affected by the
number density values, hence describes the influence of transport parameters on the ionic
conductivity results [81-83].
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Table 4. The calculated transport parameters of the electrolytes.
Electrolyte n (cm—3) # (cm?V-1g-1) D (cm?s—1)
CSMCD1 6.30 x 1022 5.26 x 10~ 1.37 x 10710
CSMCD2 6.80 x 102 6.05 x 1077 1.58 x 10710
CSMCD3 1.27 x 10?3 1.13 x 1078 295 x 10710

3.3. Dielectric and Electric Modulus Analyses

In condensed matter physics, the ion conduction process and dielectric properties
in solids are two of the most studied subjects. In particular, dielectric properties in solid
polymer-based electrolytes are an effective tool for obtaining knowledge about the electrical
properties. The dielectric learning of each electrolyte is helpful for advancing the under-
standing of the conductivity performance as well as the polarization effects. The dielectric
constant, e, is the amount of charges stored while the dielectric loss, €; is the energy loss
during the movement of ions within the electrolytes. Furthermore, the dielectric constant
plays a crucial role in demonstrating the dissolving potential of polymeric materials for a
salt. Both dielectric parameters can be expressed by using Equations (11) and (12) and are
depicted in Figure 5 [6].

Z
"= WG+ 2D ah
Z,
¢ — _ 12
b wGCo (22 + 22) 12

where ¢,, and ¢; refer to dielectric constant, and loss, respectively. w denotes the field
applied of angular frequency w = 2nf. C, is the capacitance and its equal to €°A/t, once
€° is the free space permittivity, A denotes the electrode area, t stands for the electrolyte
thickness. It is obviously observed that the highest conducting (highest DC conductivity)
electrolyte (CSMCD3) achieves the highest dielectric properties which can be noticed at
a lower frequency. The DC conductivity (o4, = Zngu) and &, relation are interrelated
qualitatively. The value of n (carrier density) is linked with the dissociation energy (U)
and &, which is described using (n = noexp(’u/ € K1), where T and Kjp are the absolute
temperatures and Boltzmann constant. Thus any amplification in er value means an
improvement in n and as a result an increase in odc. The aggregation of charge carriers
or the polarization effect near the electrodes results in a large dielectric constant at low
frequencies [84,85]. Both dielectric properties values are found to reach approximately
constant values at higher frequencies. These reductions are caused by the absence of
the diffusion of the excessive ions that leads to the rapid periodic reversal of the electric
field [86,87]. Dielectric permittivity decreases with rising frequencies, as the dipoles in the
system cannot rotate rapidly, resulting in the lag between the applied field and oscillation
of the dipole frequency. This dielectric analysis verifies the non-Debye behavior of the
electrolytes in this work.

Another noteworthy analysis for the electrolyte is the electric modulus that is exam-
ined to support the dielectric results. Figure 6a,b exhibit the real part, M, and imaginary
part, M; of the electric modulus, respectively calculated using expressions 13 and 14.

M, = Z;Cyw (13)

M; = Z,Cow (14)
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Polymers 2021, 13, 1183 12 of 21

0.015
(a)
0.010 1 __smeD1
. e CSMCD2
= e CSMCD3
0.005 -
0.000 ;
1 3 5 yi
Log /' (Hz)
0.06
(b)
0.04 1 _csmepi
. e CSMCD?2
= e CSMCD3
0.02
0.00 .
1 3 5 7
Log f (Hz)

Figure 6. The plot of (a) M, and (b) M,; for the electrolytes.
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Based on electrical modulus plots in Figure 6, it is observed the presence of a dominant
long tail at a lower frequency explained by the polarization effect of the electrodes that
is consequently increased when the frequency increases [2]. However, the CSMCD1 and
CSMCD2 electrolytes show a near plot of M, which might be due to the slight difference of
the transport parameters and also the ionic conductivity values. This observation pattern is
also reported in the polymer electrolyte studies by Hadi et al. [88] and Ponmani et al. [89].
For the reason of the sudden increase in the M, and M; values, the electrolytes in this work
are classified as good ionic conductors [90]. M, and M; declined with limited tails at the
low frequency region, denotation that the electrode polarization will make an insignificant
contribution. The electrode polarization is linked to a higher capacitance value. The M,
and M, spectra are in dissimilar manners in comparison with the prototype of ¢, and ¢;. At
low-frequency regions, both ¢; and ¢; values are found to be higher (see Figure 5), whereas,
the M, and M; values are decreased. Generally, the M, and M; in M* were created as a
consequence of the opposition of ¢; and ¢; in €*, as it is mathematically formulated in
(M* =1/¢*). The M, and M; point to the lowest values at the low frequency region which
specify the material capacitive manner [15,85].

3.4. Electrochemical Characterizations

The transference number measurement (TNM) and linear sweep voltammetry (LSV)
are useful techniques to determine the contribution of ionic species and also identify the
breakdown voltage of the highest conducting electrolyte (CSMCD3) for the application in
energy devices. The polarization plot of the CSMCD?3 electrolyte is plotted in Figure 7.
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Figure 7. The polarization plot of CSMCD3 electrolyte.

The CSMCD3 electrolyte exhibits a drastic drop of current in Figure 7 before it is
optimized at a steady-state reading. The noteworthy fall is might be due to ions blockage
at the electrode surfaces which consequently led to a constant current flow because the
ions drifting is equivalent to the diffusion of the ion and causes the electrons to be the only
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species to pass through [91]. The current steady-state due to electron is obtained when
ions are totally reduced in the system [86]. The transference numbers of the ion (t;,,,) and

electron (t.) can be calculated using the following equations.

I -1
tion = l 1. = (15)
i
Iss
fo = =5 1
= (16)

where [; and I represent the current at initial and at steady state, respectively. The ¢;,,
value obtained by CSMCD3 electrolyte is 0.976, while the calculated ¢, value is 0.024. The
ions will be the dominant charge species if the t;,, value is close to unity [92]. For the
comparison, Shukur et al. [27] reported a comparable t;,, value of 0.98 for the CS-NH,Br
electrolyte system. The CMC-NH4SCN system by Noor and Isa [40] also reported a
high t,, value of 0.93. In our previous work, the highest conducting electrolyte has been
tested for TNM analysis and showed a high t;,, value [93]. Furthermore, the electrolyte’s
maximum operating voltage can be obtained from the LSV study as plotted in Figure 8 [94].
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Figure 8. LSV plot of CSMCD3 electrolyte at room temperature.

As observed in Figure 8, the current density value is unnoticeable until it reaches
2.11 V and no redox reaction is found to occur up to this point within the electrolyte [95].
Then, the current density is noticed to gradually increase from 2.11 V onwards which veri-
fies the breakdown voltage of the electrolyte. The breakdown voltage for the glycerolized
corn starch-LiOAc electrolyte system was reported at 2.10 V [96]. Brza et al. [12] studied
the PVA-NH4SCN-Cd(II) complex plasticized with glycerol and the breakdown voltage
of the system was 2.10 V. The CSMCD3 electrolyte was found to be suitable for future
applications since most of the energy devices required a minimum breakdown voltage of
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1.0 V [97-99]. Therefore, the performance of the CSMCD3 electrolyte is further evaluated
in the fabrication EDLC using cyclic voltammetry (CV). Figure 9 depicts the CV curves of
the CSMCD3 electrolyte at different scan rates. The schematic diagram of the EDLC cell
can be depicted in Figure 10.
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Figure 9. Cyclic voltammetry (CV) curves of the CSMCD3 electrolyte at room temperature.
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Figure 10. Schematic diagram of the electrochemical double-layer capacitor (EDLC) setup.

There are invisible peaks related to the occurrence of the oxidation or reduction process
in the CV plot [100]. No redox peak can be seen in the CV plot, representing the occurence
of a charge double-layer at the surface of activated carbon electrodes, that is, capacitive
performance [42,48]. The leaf-like shape of the CV curve is observed at a higher scan rate
turned to a rectangular-like shape when the scan rates are reduced. The factors that affect
these changes could be the porosity of carbon electrodes and the internal resistance presence
during the scanning process [101,102]. The non-Faradaic process means the EDLC’s charge
storage mechanism depends on ion buildup at the interfaces between electrodes and
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electrolytes [48,66]. By substituting the initial potential, V;, and final potential, Vyof 0.0 V
and 0.9 V, respectively into Equation (17), the specific capacitance, Cs can be calculated as
tabulated in Table 5 [52].

Vs
[ I(V)av
G _V/_ 2mo(Vo — V1) 47

where m represents the mass of active material while v is the scan rate value. The area under
the CV curve that is represented by I(V)dV was obtained via Origin 9.0 software [103].

Table 5. The Cs values of EDLC at different scan rates.

Scan Rate (mV/s) Specific Capacitance, Cs (F/g)
10 98.08
20 51.44
50 24.74
100 11.02

The highest C; value obtained by the EDLC in this work is 98.08 F/g at 10 mV/s.
When the scan rates increased to 20, 50, and 100 mV /s, the C, values were reduced to 51.44,
24.74, and 11.02 F/g, respectively. The shorter contact period for ions and electrodes to
full the charge and discharge process at higher scan rates resulted in a lower amount of
stored energy. A different situation occurred during lower scan rates where the ions have
ample time to be absorbed on the electrolyte surfaces, hence the amount of energy stored
is higher [104,105]. The lesser energy loss at lower scan rates resulted in a high amount
of charge to be stored [106]. This hypothesis elaborates that the formation of double-layer
charge on the electrode surfaces will lead to the storage of potential energy [107]. As the
illustration of CV (Figure 9) reveals no apparent reversible hump, it is realistic to terminate
that a quick Faradaic reversible feedback has not occurred besides the formation of the double
layer [66]. An equivalent outcome of the C; values is reported in the literature [108,109].

4. Conclusions

Three different concentrations of glycerol were successfully incorporated as plas-
ticizers into the CS-MC-NHA4SCN electrolyte system. The highest room temperature
conductivity of 2.29 x 107* S cm~! was obtained when 42 wt.% of glycerol (CSMCD3) was
introduced to the CS-MC-NH4SCN electrolyte system. The circuit element was further
studied by employing the electrical equivalent circuits (EECs). FTIR spectra revealed the
complexation and interaction of polymer electrolyte components. The transport parame-
ters were determined from the percentage of free ions obtained from the deconvolution
of selected peaks of FTIR spectra. Based on the dielectric analysis, the electrolytes in this
work followed non-Debye behavior. The highest conducting electrolyte (CSMCD3) showed
the dominancy of ions where the ionic transference number, t;,, value (0.976) was near
to infinity with the voltage of breakdown at 2.11 V. The specific capacitance, C; of the
fabricated EDLC was obtained by using cyclic voltammetry (CV) where the C; values were
increased as the scan rates reduced with the highest C; value of 98.08 F/g at 10 mV /s.
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