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KEYWORDS Abstract In this work, for the use of an electrical double-layer capacitor (EDLC) device applica-
Biopolymer; tions, the fabrication and characterization of solid polymer electrolytes (SPEs) based on chitosan-
Blending; dextran (CS-DN) blended polymer doped and plasticized with ammonium thiocyanate (NH4SCN)
FTIR; and glycerol are studied, respectively. The Fourier transform infrared (FTIR) spectroscopy method
Impedance; has been used to investigate the structural behavior of electrolytes. It was observed that the FTIR
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Transport properties;
Electrochemical studies

bands are shifted and decreased in their intensities with the increased glycerol plasticizer content
and it results in the complex formation. According to the electrical impedance spectra (EIS), the
electrolyte incorporated with high contents of plasticizer (42 wt%) revealed the highest ionic con-
ductivity of (3.08 x 10™* S/em). The electrical equivalent circuits (EEC) were used to investigate
the circuit elements of the electrolytes further. Increasing glycerol plasticizers verified an improve-
ment in ions density number (n), mobility (i), and diffusion coefficient (D). The transference num-
ber measurements (TNM) indicated that the predominant charge carriers in the conduction process
are ions where the (7;,,) is 0.95. According to the linear sweep voltammetry (LSV) study, the upper-
most conducting sample was found to have sufficient anode stability with a breakdown voltage of
1.9 V that can be used in electrochemical devices. The absence of peaks in the cyclic voltammetry
(CV) demonstrated that the charge storage mechanism within the constructed EDLC is fully capac-
itive. Based on this finding, the starting specific capacitance (Cy), energy density (E;), and power
density (P,) have been identified to be 118F/g, 13.2 Wh/kg, and 1560 W/kg, respectively. Through-
out its 100 cycles, the equivalence series resistance ESR value was between 53 and 117 Q.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Energy storage devices are almost found everywhere in high energy
consumption communities, for instance, powering our mobile devices
and computers. Polymer electrolyte (PE) is used commonly in
advanced chemical energy storage technology, such as supercapacitor,
solar cells, protonic and fuel cells. Therefore, solid polymer electrolyte
(SPE) film has gotten much attention because it has many advantages
over other types of electrolytes (Luo et al., 2015; Hadi et al., 2020;
Hamsan et al., 2020). Natural ingredients and biomaterials are strong
candidates for research activities due to increases in the consciousness
of a universal crisis. Over decades, researchers have used biopolymers
as the polymer host for electrolytes because of their outstanding prop-
erties, for instance, their compatibility with a broad variety of solvents
and salts and ease of film-forming (Hamsan et al., 2019; Chai and Isa,
2016). Also, they are obtained sustainably from a wide variety of nat-
ural resources. Besides all else, the environmentally safe characteristics
of the biopolymeric materials will assist to the decrease harm to human
healthiness and the environment (Nirmala Devi et al., 2017). The
biopolymers will solve the dopant once the lone pair electron of their
heteroatoms like nitrogen and oxygen interacts directly with cations
from the dopant. Thus, natural polymers as solid biopolymer elec-
trolytes are crucial to be produced (Zhu et al., 2015). Dextran (DN)
is a natural polymer produced by the bacteria of Leoconostoc mesente-
riodes during reproduction. It has a linear backbone structure with 1,6-
a-d-glucopyranoside primary linkage. The inclusion of the two key
functional groups (i.e., hydroxyl and glycosidic bond) in its chain
structure ensure the ability to use as an ionic conductor (Dumitrascu
et al., 2012; Hamsan et al., 2020). On the other hand, chitosan (CS)
comprises of PB-(1,4-linkage) of 2-amino-2-deoxy-d-glucopyranose
obtained by N-deacetylation of chitin. Both CS and chitin are found
in cramp and shrimp shells. The deacetylation mechanism removes
the acetyl groups from the chitin molecular chain, leaving an amino
group. Similar to dextran, (CS) structure possesses various oxygen-
containing functional groups (Hadi et al., 2020; Du et al., 2017;
Mobarak et al., 2013).

In combination with avoiding environmental pollution, which is
caused by the use of lithium salts, numerous studies have shown that
the ammonium salts possess favorable polymer electrolyte properties
with relatively high dissociation of ions such as NH;SCN
(Selvalakshmi et al., 2017), NH4Br (Shukur et al., 2019), NH4NO;
(Aziz et al., 2021), NH4I (Mustafa et al., 2020), and NH4F (Ramlli
and Isa, 2016). In addition to that, high ionic conductivity could be
obtained by including NH, and H" using ammonium-based salts.

Also, the NH4SCN has a low lattice energy of (572 Kj/mol) thus,
the electrolyte requires less energy to destroy the ionic bonds
(Shamsuri et al., 2020).

The most crucial objective in the polymer electrolyte is to optimize
ionic conductivity. One of the promising techniques for improving
ionic conductivity is plasticization. This process incorporates a combi-
nation between the polymer and a low molecular weight plasticizer,
which helps dissolve and dissociate salts and making more facilities
to the charge carrier mobilities (Nasef et al., 2007). Many polymer elec-
trolytes used in an energy storage device are formulated with glycerol
to improve ionic conductivity and other significant parameters. More-
over, glycerol is identifying to enhance the ionic conductivity up to
1073 S/cm via increasing more channels for ion conduction, suggesting
a satisfactory outcome in device application (Rani et al., 2015).

Supercapacitors (SCs) are classified into three types: electrical
double-layer capacitors (EDLCs), pseudocapacitors (PCs), and hybrid
capacitors (HCs) (Iro et al., 2016). Conducting polymer and metal
oxide electrodes have been used in pseudocapacitors (PCs), and energy
is stored using a Faradaic method. Unlike (PCs), (EDLC) undergoes a
non-Faradaic reaction in which a double layer of charges forms on the
surface of the carbon electrodes. On the other hand, the (PCs) and
(EDLC) mechanisms are combining in hybrid capacitors (HCs)
(Shobana et al., 2015; Nofal et al., 2020; Kiamahalleh et al., 2012).
Meanwhile, the (EDLCs) are distinct from the other two capacitors
by high power density, less weight, durability, and ease of fabrication.
The use of activated carbon (ACs) to obtain good compatibility with
polymer electrolytes has been extensively studied. The benefits of the
(ACs) for the (EDLC) applications include cost-effectiveness, high
electrical conductivity, excellent chemical stability, and a broad super-
ficial area (Aziz et al., 2020). Due to the need for high conducting SPE
for the EDLC device, this work attempts to fabricate high conducting
CS-Dextran-NH4SCN-Glycerol based solid polymer electrolyte.

2. Experimental details

2.1. Raw materials

The host polymeric materials utilized in this study are chitosan
(CS) and dextran with the average molecular weights of
(310,000-375,000 g/mole) and (35,000—45,000 g/mole), respec-
tively. Ammonium thiocyanate NH4SCN (76.12 g/mole), and
low molecular weight of glycerol (C3HgO3) (92 g/mole), acetic
acid (CH3;COOH) (60 g/mole). Sigma-Aldrich (Kuala Lumpur,
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Malaysia) provided all the above chemicals and directly used
them without purification. Furthermore, activated carbon
(AB), carbon black (CB) with the molecular weights of (12 g/-
mole), and polyvinylidene fluoride (PVdF) (534,000 g/mole)
were acquired from Magma value.

2.2. Electrolyte preparation

To fabricate the CS-Dextran-based polymer blending, 60 wt%
of chitosan with 40 wt% dextran has dissolved individually at
ambient temperature in 50 mL acetic acid (1%) solution for -
~90 min. Afterward, these individual solutions were then
blended and stirred continuously for ~3 h to achieve a homoge-
nous blending solution. Then, a constant quantity of NH,SCN
(40 wt%) was then dissolved in the solution with continuous
stirring using a magnetic stirrer to attain a polymer electrolyte
based on CS-Dextran-NH4SCN. Subsequently, CS-Dextran-
40 %NH4SCN was glycerolized using different quantities of
glycerol from 14 to 42 wt% in stages of 14. The prepared elec-
trolytes were labeled as CSDXG1, CSDXG2, and CSDXG3
for the CS-Dextran-NH4SCN incorporated with 14, 28, and
42 wt% of glycerol, respectively. The solution’s ingredients were
stirred and then poured into plastic Petri dishes left untouched at
ambient temperature to produce a homogenous solution. The
electrolytes were stored in a blue Silica gel desiccator for future
drying before the EDLC characterization.

2.3. FTIR and EIS characterization

The FTIR spectra in the range of 650-3850 cm ™! with a reso-
lution of 1 cm ™! were acquired using a Spotlight 400 spectrom-
eter (Perkin Elmer, Waltham, MA, USA) to validate the
polymer blend electrolyte formation. Electrochemical impe-
dance spectroscopy (EIS) was utilized to investigate the elec-
trochemical characteristics of the materials, with spectra
attained using a 3532-50 LCR HiTESTER (Hioki, Nagano,
Japan) in the frequency range of 50 Hz—5,000,000 Hz. The
electrolyte’s thickness was fixed from 150 to 152 um and
located between a pair of stainless-steel (SS) electrodes. The
cell was linked to a computer and fitted with software to mea-
sure the real (Re-Z) and imaginary (Im-Z) fragments of com-
plex impedance spectroscopy (Com-Z).

2.4. Transference number measurement (TNM ) study

The ion (¢,,) and electron (7,;) transport numbers have been
determined by keeping a voltage of 0.2 V while polarizing a cell
of SS/highest conducting sample/SS. The ion transference
number was estimated at ambient temperature using a DP
3003 digital DC power supply (V & A instrument, Shanghai,
China).

2.5. Linear sweep voltammetry (LSV) study

LSV was used to determine the maximum operating voltage of
the most conducting CS-Drxtran-NH4SCN-glycerol system
via a Digi-IVY DY2300 potentiostat. The LSV was measured
in the potential range of between 0 and 2.5 V at a sweep rate of
10 mV/s. The cell arrangement was identical to that seen in the
TNM.

2.6. EDLC fabrication

The solvent and carbonaceous materials are commonly used in
the preparation of the EDLC electrodes. There were made
with 0.25 gm of carbon black (CB), 3.25 gm of activated car-
bon (AC), and 0.5 gm of polyvinylidene fluoride (PVdF).
The dry mixing of carbonaceous materials was done with a
planetary ball miler (XQM-0.4) at 500 rounds/minutes for -
~18 min. Next, all of the powders mentioned above were dis-
solved and constantly stirred in 20 mL of N-methyl
pyrrolidone (NMP) solvent until a dark black solution has
obtained. A solution is then coated with aluminum foil using
a doctor blade method. Afterward, a coated aluminum foil
was dried in an oven for a certain period at ~60 °C. A Silica
gel desiccator was used to remove the excess moisture from
the electrodes. The comparatively highest conducting sample
was placed between two activated carbon electrodes and
packed in CR2032 coin cells. Finally, the Digi-IVY DY2300
potentiostat was used at different scan rates of 10, 20, 50,
and 100 mV/s ranging from 0 to 0.9V to perform cyclic
voltammetry (CV) of the constructed EDLC.

3. Result and discussion

3.1. FTIR study

The FTIR technique has been performed to examine the inter-
actions between atoms and ions of the CS-Dextran-NH,SCN
glycerol-based electrolyte. Variations in the vibrational modes
in the polymer electrolyte may also result from such interac-
tions. Fig. | depicts the FTIR spectra of an SPE based on
the CS-Dextran-NH4SCN-glycerol at a wavenumber ranging
from 650 to 3850 cm™! (Shukur et al., 2016; Aziz et al.,
2021; Nofal et al., 2021). A broad peak at ~3300 cm ! is due
to O-H stretching modes. There was a shift and turn down
in its intensity in the glycerolized CS-Dextran-NH4SCN,
resulting in an interaction between electrolyte components
(Brza et al., 2021). The considerable chain flexibility in dextran
around the glycosidic linkage corresponds to the appearance of
a peak at 1020 cm~ . Also, dextran is responsible for appear-
ing a C—H stretching peak at ~2900 cm ™' since such a band
is not existing in the FTIR spectra of CS (Vettori et al.,
2012). A sharp peak is observable at ~2000 cm ™', attributing
to aromatic stretching of the NH4SCN salt. Therefore, its
intensity shifts and lowers with the increment of glycerol plas-
ticizer through the interactions of blend polymers with the
electrolyte components (Hemalatha et al., 2019). The peak per-
ceived at ~1000 cm ™! indicates that there is substantial chain
flexibility of the dextran backbone. The C—H bending typi-
cally emerged around ~1430cm~!, while a band
begins ~1150 cm™!, showing asymmetrical C—O—C ring
stretching. The occurrence of C—O bands is responsible for
the strong peak at~1008cm~! and the tiny one
at ~1095cm™'. Two peaks that emerged at~1540cm !
and ~1610 cm ™' were associated with amide bonds (NH,)
and carboxamide (O—C—NH—R). Changes in amide bonds
(NH,) and carboxamide (O—C—NH—R) suggest a complexa-
tion between CS:Dextran blend polymers with electrolyte com-
ponents. As a way of achieving the greater molecular mass
resulting from cation binding, this cation salt to oxygen and
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Fig. 1 Fourier transform infrared (FTIR) spectra for glycerolized the CS-Dextran-NH,SCN at a wavenumber ranging from 650 to
3850 cm .

nitrogen atom attachments lessens the vibrational intensity of
the (NH;) and (O—C—NH—R) bonds, resulting in both low-
ering and shifting in peak intensities (Dumitrascu et al., 2011;
Wei et al., 2009; B. Aziz et al., 2020). A fascinating observation
is that the inclusion of glycerol into the CS-Dextran-NH;,SCN
polymer-salt complexation results in a dramatic shift in their
band intensity. The incorporation of glycerol leads to dissoci-
ate more salts to anions and cations, which means that more
ions are produced to interact with CS-Dextran. It is notewor-
thy that variations in the strength of these bands have been
strongly related to changes in macromolecular order (Liang
et al., 2009).

The FTIR spectra of the electrolytes show a broad peak at
the region between 2015 and 2090 cm ™! which is related to the
SCN™ stretching mode. Based on the literature (Zhang et al.,
2003; Ramya et al., 2007), this broad envelope results from
the overlap of three narrower peaks. These peaks are located
at ~2040 cm ™', ~2055cm™!, and ~2070 cm ™! showing the
free anion (SCN™), contact ion pair (NH4 ", SCN™), and ion
aggregate, respectively. Thus, the deconvolution method is
used to separate the peaks using Origin Pro software. In the
2015 and 2090 cm ™! regions, the transmittance spectra were
converted to absorbance spectra. Then baseline correction
was performed for each FTIR spectrum. Fig. 2 (a-c) shows
the FTIR deconvolution spectra of SCN™ stretching modes
in CS:Dex:NH4SCN:glycerol.

At 14 wt% glycerol, free ion, contact ion pair, and ion
aggregate have 18.43%, 55.85%, and 25.71%, respectively.
By increasing the glycerol at 28 wt% and 42 wt%, the percent-
age of free ions increased to 23.84% and 27.85%, respectively.
The percentage area of the contact ion pair is decreased with
increasing glycerol. The percentages of ion carriers are shown
in Table 1. Noor and Isa (2019) reported the same result for
the CMC-NH4SCN electrolyte system. Woo et al. (2011) used

the FTIR deconvolution method for the SCN™ stretching
mode in the poly(e-caprolactone) (PCL)-NH4SCN electrolyte
system to show the aggregation of ions. Their result showed
that the number of free ions was maximum at 26 wt% NHy-
SCN salt (Woo et al., 2011).

The free ion percentage, contact ion pair, and ion aggregate
were measured by the area under each band of FTIR and cal-
culated by the below equations (Noor and Isa, 2019).

Ay

- Y 100
At At A, " %

Percentage of free ions (%)

()

Percentage of contact ion pairs (%)

- 100 2
A/‘ + A(: + Au x % ( )
Percentage of ion aggregates (%)
A,
=—x 100 3
Af + A(: + Au x % ( )

where Ay is the area under the peak of the free ion’s region, A,
is the area under the peak of the contact ion pair region, and
A, is the area under the peak of the ion aggregate region.

3.2. Impedance study

Electrochemical impedance spectroscopy (EIS) is a powerful
and reliable method for investigating various electrical charac-
teristics of electrolyte materials (Polu and Kumar, 2011). The
plots of the CS-Dextran-NH4SCN containing 14, 28, and
42 wt% of glycerol concentrations using impedance spec-
troscopy (Re-Z vs. Im-Z) were presented in Fig. 3(a-c), respec-
tively. The responses of the EIS are often distinguished by a
half circle and a tail in high and low-frequency regions. In this
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Fig. 2 Deconvolution (DVN) of the FTIR spectra at a wavenumber between 2015 and 2090 cm™ .

study, there is no semicircle has appeared, indicated that there
is no electron reaction at the electrode—electrolyte interfaces.
Meanwhile, it is also representing the migration of ions from
the electrolyte to the surface of the electrodes to produce the
double-layer capacitance (Hadi et al., 2020). The Nyquist plots
display the removal of the high-frequency semicircle portion,
leading to the conclusion that the overall conductivity is
mainly ion conduction.

On the other hand, the spike appearance at low frequencies
is due to forming an electric double-layer at the blocking elec-
trodes. EIS measurements in this investigation are displaying a
similar behavior to the previous studies, as shown in Fig. 3(a-c)
(Aziz et al., 2021). Consequently, the effect of electrode polar-
ization (EP) is induced by the creation of an electric double
layer, resulting in ions accumulated at the electrode—electrolyte
interfaces. Therefore, ions cannot traverse the system due to
the electrical behavior of stainless-steel (SS) electrodes, and
hence the imaginary (Im-Z) and the real (Re-Z) parts of impe-

Table 1 The values of transport parameters of glycerolized
the CS-Dextran-NH4SCN systems.

Glycerol (wt.%) 14% 28% 42%

Free ion 18.43% 23.84% 27.85%
Ion’s aggregate 25.71% 29.36% 34.44%
Contact ion 55.85% 46.80% 37.71%

1

dance spectroscopy could be measured in different frequencies,
resulting in impedance plots.

The electrical equivalent circuit (EEC) technique has been
utilized to analyze the EIS because it is uncomplicated and
gives the whole image of the system. In the electrolyte system,
EEC comprises a pair of constant phase elements (CPEs)
which are (CPE1) and (CPE2) with including bulk resistance
R, for the ion carriers (see Fig. 3). Both R, and (CPE) are con-
nected in parallel at high-frequency areas and in series with
(CPE2) at low-frequency areas where a double-layer capaci-
tance is generated. The impedance of CPE (Zcpg) is calculated
using Eq. (4):

1 .
Zere = G [eo5(3) ~in(3) @
where CPE capacitance, plot’s deviation measure from the
axis, and angular frequency are denoted by C, P, and w. Also,

the impedance values of (Re-Z) and (Im-Z) could be mathe-
matically expressed as follows:

7,= R4 S22 ()
7 - sin(nn/2) ()

! Caw"
Here, n is associated to the imaginary axis deviation of the
Nyquist plot. It is demonstrated that the Nyquist plot reveals
that the electrolyte’s resistive component is dominant. The
polymers may also act as an insulator, and the CPE and R,
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Fig. 3 Complex plots of impedance spectra for the CS-Dextran-NH4SCN systems containing various amounts of glycerol.

are linked together in series as demonstrated in Fig. 3(a-c)
inset. Table 2 summarizes the EEC’s parameters fitting for
the CS-Dextran-NH4SCN  systems containing various
amounts of glycerol (wt.%) (Hadi et al., 2020).

In order to evaluate the (o,4) ionic conductivity of the CS-
Dextran-NH4SCN containing various amounts of glycerol
based on the bulk resistance R, value, it is essential to use
the following equation:

1 t
Ode = (E) X <Z) (7)
where A represents the electrolyte area, and ¢ denotes the

thickness of the electrolyte (Malathi et al., 2010; Qian et al.,

Table 2 The EEC’s parameters fitting for the generated system.

2001; Aziz et al., 2020). Table 3 summarizes the (cq4.) ionic
conductivity of glycerolized CS-Dextran-NH4SCN systems.
From the equation shown above, the relation between the R,
and oy, is disproportional. It can be observed that increasing
the glycerol weight percent from 14 to 42 wt% to the system
leads to reduce the bulk resistance value, demonstrating the
increment in the ionic conductivity. It is generally recognized
and mathematically expressed that the link between ionic con-
ductivity of the electrolytes with ions density and mobility is:

o= nqu (8)

where the charge carrier density is denoted by m and ¢ repre-
sents the simple charge, u stands for the ionic mobility. The

Glycerol (wt.%) Pl P2 K1 K2 CPEIl CPE2

14 Gly 0.27 0.75 9.00 x 10* 8.65 x 10° 1.11 x 1073 1.16 x 107°
28 Gly 0.38 2.75 x 10° = 3.64 x 10°° =

42 Gly 0.37 1.31 x 10° = 7.63 x 107° =
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Table 3 Shows ionic conductivity (o4) for CS-Dextran-NHy-
SCN systems, containing various amounts of glycerol at room
temperature.

Glycerol (wt.%)

Tonic conductivity o4 (S. cm™")

14 2.80 x 107°
28 257 x 1074
42 3.08 x 10~*

og4c of the polymer electrolyte applicable in energy storage
devices like EDLC and batteries must range from 107> to
1073 S/em (Aziz et al., 2021; Awasthi and Das, 2019). The
highest ionic conductivity obtained in this work is
3.08 x 107* S/em for the electrolyte incorporated with 42 wt
% of glycerol. Aziz et al. (B. Aziz et al., 2020) have reported
a comparable value in the (o4.) for glycerolized the CS-
Dextran-NH4PF.

The transport parameters of the number of density (n), dif-
fusion coefficient (D), and ions mobility (1) are estimated
through the following equations using impedance data. The
ion diffusion is computed from Egs. (9) and (10):

D = D.exp{—0.0297[InD.]* — 1.4348InD. — 14.504} 9)
4K P

Do = (—— 10

(Rg(}‘)smn) ( )

where / is the electrolyte’s thickness, and w,,;, stands for the
angular frequency at the lowest Z; value. The ions mobility
is calculated using Eq. (11):

eD
= (m) (11)

Here K, represents the Boltzmann constant, and 7 denotes
the absolute temperature.

Eq. (7) provides the (o4.) ionic conductivity, and thus, the
number of ions density is derived using Eq. (8) (Aziz et al.,
2021).

The characteristics related to ion transport for all of the sys-
tems have provided in Table 4. There is a definite tendency of
rising parameters value of (n), (D), and (n) with increasing
glycerol concentration into the CS-Dextran-NH4SCN systems
from 14 to 42 wt%. The enrichment of chain flexibility in the
inclusion of glycerol is the cause of these correlations. As a
consequence of all of this leads to an increment in conductiv-
ity. Glycerol molecules play a crucial role in boosting the dis-
sociation of the NH4SCN salt, increasing the density of charge

Table 4 The values of n, p, and D for the CS-Dextran-NHy-
SCN systems, containing various amounts of glycerol at room
temperature.

Glycerol (wt.%) n n D

14 1.24 x 10% 1.42 x 1078 3.69 x 1071°
28 2.87 x 102 5.60 x 107% 1.46 x 107°
42 3.12 x 10* 6.17 x 1078 1.61 x 107°

carriers. Furthermore, the attractive forces between the oppo-
site ions of the salt are considerably reduced. Therefore, NHy-
SCN has generated a high density of NH, ions inside the
system (Samsudin and Isa, 2012; Brza et al., 2020; Arof
et al., 2014). The o, ionic conductivity obtained in this work
has found to be higher and comparable to other electrolyte sys-
tems using various ammonium salts as reported in literature
and summarized in Table 5.

3.3. TNM study

It is of immense significance that the transport ions, t,,, value
of an electrolyte needs to be near an ideal value of unity for use
in the applications of the EDLC. The primary charge carrier
inside the polymer electrolyte is validated using TNM. lons
rather than electrons are usually the primary charge carriers.
In this case, NH, and SCN ions are responsible for the
adsorption reaction at the surface of the activated carbon elec-
trodes. The polarization curve of current against time for the
highest conducting electrolyte is portrayed in Fig. 4, at the
working potential of 0.2 V (Nik Aziz et al., 2010; Rani et al.,
2018; Shuhaimi et al., 2012).

Subsequently, the following relations were used to calculate
the ¢,,, and ¢, of glycerolized the CS-Dextran-NH,4SCN sam-
ple, as it was located between pair of stainless-steel (SS)
electrodes.

I — I
[i”n — 1 S8 12
. (12)

Lo = I- Lion (13)

where 1,,, and ¢,; denote transport ions and electrons, respec-
tively, I; denotes the initial current, which includes both elec-
trons and ions, and I is the steady-state current that covers
electrons only. The initial total current was found to be 4.3
HA, as can be seen in Fig. 4. Following that, the current starts
to drop until it reaches a saturation point. The high value of
the initial current is due to both ions and electrons at the initial
stage. However, results from the lack of ionic species induce an
extreme drop in the current value. In this study, the ¢,,, value
was found to be 0.95, close to the ideal value, implying that
ions in the (CS-Dextran-NH4SCN-glycerol) system govern
the transport mechanism (Wang et al.,, 2018; Shanmuga
Priya et al., 2018; Samsudin et al., 2014; Polu and Kumar,
2013). Our previous study for the CS-MC- NH4SCN-glycerol
(Aziz et al., 2021) showed the ¢,,, value of 0.976, comparable
with this work. The ¢, value of 0.86 in the CS-Dextran-
NH4Br system (Aziz et al., 2021) without plasticizer suggests
that the glycerol plasticizer enhanced the movement of the ions
inside the system.

3.4. LSV study

For fabricating an energy device system, the determining
potential stability window (PSW) is fundamental. The linear
sweep voltammetry (LSV) technique is an important feature
to identify the electrolyte’s breakdown voltage. The curve of
decomposed voltage for the uppermost conducting sample
has shown in Fig. 5at the working voltage of 10 mV/s
(Kadir and Arof, 2011). In the range of 0-1.8 V, there are no
visible current fluctuations in the LSV plot. When the potential
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Table 5 The ionic conductivity o, and the EDLC parameters value using various solid biopolymer electrolytes have reported in other
words as a comparison.

SPEs o4 (S.cm™") LSV (V) Cs (F/g) E4 (Wh/kg) Py (W/kg) Ref.

DN-NH4NO;-Gly 1.15x 1073 1.75 16.1 at 0.5 mV/s 1.62 206 (Hamsan et al., 2020)
DN-NH4NO; 3% 1073 — — — - (Hamsan et al., 2019)
DN-NH,4Br 1.67 x 10~° 1.62 2.46 at 50 mV/s - - (Hamsan et al., 2020)
CS-NH4Br-Gly 1.9 % 107* 1.8 7.5 at 10 mV/s - - (Shukur et al., 2019)
CS-DN-NH4I 5.16 x 1072 1.8 67.5 at 100 mV/s 7.59 520 (B. Aziz et al., 2020)
CS-DN-NH4PF,-Gly 3.06 x 10~* 1.5 23.1 at 100 mV/s 11.6 2741 (B. Aziz et al., 2020)
CS-DN-NH4F 1x1073 1.7 12.4 at 100 mV/s 1.4 428 (Aziz et al., 2019)
CS-DN-NH,SCN 1.28 x 1074 = = = (Kadir and Hamsan, 2018)
Starch-CS-NH,SCN 1.3 x 107 = = = = (Mohamed et al., 2020)
DN-PVA-NH,SCN 8.03 x 1073 3.01 = = = (Maheshwari et al., 2021)
CS-DN-NH,SCN-Gly 3.08 x 1074 1.9 64.24 at 10 mV/s 13.2 15.60 This work

Where NH4NO; is the ammonium nitrate, NH4Br is the ammonium bromide, Gly stands for glycerol, NH4I is the ammonium iodide, NH4PF,

is the ammonium hexafluoro phosphate, NH4F is the ammonium fluoride, and PVA is the polyvinyl alcohol.

approaches 1.9V, the electrolyte reaches its decomposition
voltage, as shown by the onset in current value. Furthermore,
a rapid increase in current value indicating occurring electro-
chemical reaction at this point. This value is suitable for energy
storage device applications (Asmara et al, 2011;
Sampathkumar et al., 2019). Notably, the findings obtained
in this study are comparable to previous studies using ammo-
nium salt-based electrolytes. NG and Mohamad (2008) have
documented the breakdown potential of 1.8 V for their system
of chitosan-NH4NOj;-ethylene carbonate-based polymer elec-
trolytes. Also, the system of potato starch-chitosan-
NH4NO;-glycerol possesses the decomposition potential of
1.88 V (Hamsan et al., 2017). Table 5 shows the g, and value

of the EDLC parameters using several solid polymer elec-
trolytes based ammonium salts reported in the literature as a
comparison with these findings.

3.5. CV study

The type of charge storage that has occurred at the electrode/-
electrolyte interfaces could be determined using investigations
of cyclic voltammetry (CV) of the EDLC. Fig. 6 depicts the
CV of the constructed cell at various sweep ratings of 10, 20,
50, and 100 mV/s. The working potential was ranged from 0
to 0.9 V at room temperature. The following relation was used

Current (nA)

tion =0.95

0 T T T T T

0 10 20 30 40 50

60 70 80 90 100 110

Time (s)

Fig. 4 The polarization curve of current against time for the highest conducting electrolyte.
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Fig. 5 The LSV plot for the uppermost conducting sample.

to calculate the specific capacitance, Cs, for the fabricated 2020; Chen et al., 2010; Nadiah et al., 2017). The mass of

EDLC. active material is denoted by m, and v stands for the voltage
y scan rate (mV/s). The actual area of the CV plot is denoted

C. — / T A(V)av (14) by I(V)dV. Based on the plot, the non-appearance of peaks
” v 2mv(fo V,-) indicates no reduction/oxidation (redox) reaction in the entire

o ) S potential range. This phenomenon demonstrates the presence
where V; indicates the starting potential (i.e., 0V) and Vy  of an electrical double-layer capacitor. The absence of peaks
stands for the final applied voltage (i.e., 0.9 V) (Hadi et al.,

8 -

'
N
1
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'
N
1
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1
(2]
1

— 10 mV/s
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Fig. 6 The CV curve of the constructed cell at various sweep ratings of 10, 20, 50, and 100 mV/s.



10

J.M. Hadi et al.

reveals that a quick Faradaic reversible reaction has not
occurred along with the double-layer formation which sup-
ports its EDLC characteristics (Chong Mee Yoke, 2017; Aziz
et al., 2019; Wang et al., 2018). The ions accumulation at the
interfaces between electrodes and electrolyte once the electrical
potential has applied in the EDLC is the basis of the charge-
storage process. The capacitance is calculated using Eq. (14).
The capacitance at 10, 20, 50, and 100 are found to be
64.24F, 52.01F, 32.14F, and 17.87F, respectively. Thus with
increasing scan rates, the capacitance decreased. This is attrib-
uted to less charge accumulation at high scan rates. It is note-
worthy that the CV profile has a leaf-like form with no
discernable peak. However, a slight deviation can be observed
from its rectangular shape, attributing to the electrode porosity
and also internal resistance. Due to the carbon electrode’s
porosity, the CV has a relatively high internal resistance, giv-
ing it a leaf-like form (Kumar et al., 2012). The obtained speci-
fic capacitance C, of fabricated EDLC is higher compared to
some other previous studies (see Table 5).

3.6. Galvanostatic charge—discharge (GCD) characteristics

The EDLC rechargeability has been evaluated through applied
a current density of 0.2 mA/cm? and 100 cycles recorded, as
demonstrated in Fig. 7. The ions charged in bulk electrolyte
begin to migrate into the interface region once current is
applied, resulting in a charge double-layer is known as capac-
itance. A linear discharge curve response verifies the capacitive
behavior of the constructed EDLC. Therefore, the voltage
drop of discharge characteristics slightly deviates from their
triangle-like shape, which could be ascribed to the roughness
of the activated carbon, internal resistance, and bulk elec-
trolytes. The linearity of the discharge characteristic also sug-
gests that the charged pore surface and ions have strong pure
electrostatic interactions. The GCD curve from their symmet-
ric triangles can be used to detect the presence of the non-
Faradaic mechanism. Fig. 8 shows the variation of specific
capacitance, Cs for the constructed EDLC up to 100 cycles.
The specific capacitance Cs of fabricated EDLC could be mea-
sure by the charge—discharge response using the following rela-

tion (Lim et al., 2014; Liew et al., 2016; Aziz et al., 2020;
Nadiah et al., 2015):
Cop =t 15
CD — % ( )
where s stands for the gradient of the discharge region, and i
denotes the applied current. The Cs value was determined to
be around 118F/g at the Ist cycle, following by a decrease to
100F/g when the cycle reaches its 50th cycle. The inhomogene-
ity of the electrode/electrolyte area is responsible for the fluc-
tuation in a specific capacitance, C value. It is noteworthy
that the C; value is nearly constant over its 100 cycles, verify-
ing its excellent cyclic stability. A slight fluctuation in the Cs -
value is attributed to variation in the ionic polarization.

Furthermore, the low lattice energy of the salt should be
noted for improving the specific capacitance value, contribut-
ing to high dissociation (Aziz et al., 2021; Pandey et al.,
2011). The obtained Cs value for the system of CS-Dextran-
NH4F was found to be 12.4F/g, as reported by Aziz et al.
(2019). This might be attributed to the lattice energy of the
NH4SCN salt is lower than that of NH4F. Thereby, the strong
interaction between NH, with F is therefore expected com-
pared to NH; with SCN:

The drop in voltage (V4) can be observed at the beginning
of the discharging process, as shown in Fig. 7. It is demonstrat-
ing the internal resistance of the constructed EDLC called
equivalence series resistance (ESR), which was calculated using
the following equation:

ESR :? (16)

where V, represents the drop voltage. Fig. 9 displays the ESR
value against cycle numbers up to 100 cycles. One can be noted
that the ESR value attained at the 1st cycle was determined to
be 53 Q. Consequently, it is gradually increased with increasing
cycle number until recorded its optimum value once the cycle
number reaches its 100th cycle. The increment in the ESR
value is resulting from an increase in the V4 value. The internal
resistance in the assembled EDLC is due mainly to the utilized
electrolyte for the current collector, charge—discharge method,

1
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Fig. 7 The GCD curve for the manufactured EDLC cell.
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Fig. 8 The variation of specific capacitance, Cs for the constructed EDLC up to 100 cycles.

and the gap in interfacial between electrodes with polymer Ee C, 2
electrolyte (Lim et al., 2014; Gu et al., 2000; Udawatte et al., )
2018).
Other crucial parameters of energy density, E; and power _ v
density, P, are measured using the following equations: "~ 4m(ESR)
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Fig. 9 The ESR value against cycle numbers up to 100 cycles.
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Fig. 10  Energy density (Eq4) for the assembled EDLC throughout 100 cycles.

where V stands for the applied potential. Figs. 10 and 11 give
information about energy density (E4) and power density (Py)
for the assembled EDLC, respectively. According to Fig. 10,
the E4 value was identified to be 13.2 Wh/kg at the 1st cycle.
Beyond this, the E4 values are almost constant within an aver-
age value of ~12.3 Wh/kg. This exhibition suggests that from
the 1Ist to its 100th cycle, the energy barrier for anions and

cations transference in the fabricated electrolyte is nearly the
same. The E4 pattern is observed to be similar to the C, pattern
obtained in this study. The minor drop in the E,4 value
throughout 100 cycles is due to a rise in the ESR value. Hence,
the loss of stored energy increases across its charge—discharge
procedures (Jenkins and Morris, 1976; Suleman et al., 2016;
Muchakayala et al., 2018). According to Hina et al. (2020),
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Cycle number
Fig. 11  Power density (Py) for the assembled EDLC throughout 100 cycles.
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the E4 value for their constructed EDLC ranged from 9.82 to
21.6 Wh/kg, depending on the content of lithium triflate
(LiTf). For the carboxy methylcellulose-polyvinyl alcohol
CMC-PVA system doped with ammonium bromide NH4Br,
the recorded Eg4value was 1.19 Wh/kg, as reported by
Mazuki et al. (2020). According to Fig. 11, the obtained value
of the power density (Pg4) at the 1st cycle is 1560 W/kg. After-
ward, the P4 value gradually drops within a charge—discharge
process. It could be linking to the depletion of the electrolyte.
Ton aggregations formed following the rapid charge—discharge
process, blocking ion transport to the electrode surface. As a
result, ion adsorption declines at the interfaces between elec-
trodes and electrolytes (Stepniak et al., 2016; Deng et al.,
2019; Hamsan et al., 2020). The obtained initial P4 value of
757 W/kg was recorded for our previous work of glycerol sys-
tem plasticized the CS-MC-NHyl (Aziz et al.,, 2021). The
results of energy density and power density acquired in this
work are of special interest compared to other previous works
as demonstrated in Table 5.

4. Conclusion

In conclusion, glycerol at three various concentrations was effectively
introduced as a plasticizer into the CS-Dextran-NH4SCN electrolyte
system. The room temperature highest ionic conductivity (o4.) of
(3.08 x 107* S/cm) has been achieved for the electrolyte incorporated
with (42 wt%) of glycerol. The electrical equivalent circuits (EEC) were
used to investigate the circuit elements of the electrolytes further.
FTIR spectra validated the interaction and complexation between
the electrolyte components. The proportion of free ions achieved from
deconvolution of chosen peaks of FTIR spectra was used to calculate
the transport parameters. The most ionic conductivity sample has
exhibited the ions dominance with the ¢,,, of 0.95 and a decomposition
voltage of 1.9 V. The value of specific capacitance (Cy) of the manufac-
tured EDLC was determined using cyclic voltammetry (CV). The (Cy),
(E;), and (P,) initial values were found to be 118F/g, 13.2 Wh/kg, and
1560 W /kg, respectively.
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