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Abstract
In this work, new plasticized solid polymer electrolytes (SPEs) are developed
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1 | INTRODUCTION

using MC (methylcellulose) as a polymer host, and sodium iodide (Nal) as a
dopant via the solution casting method. Ethyl carbonate (EC) is used as a plasti-
cizing agent to improve the properties of the SPEs. Polarized optical microscopy
analysis reveals that the surface morphology of the MC-Nal-EC films contained
porous amorphous regions owing to the presence of EC. The complex formation
between MC, Nal, and EC is confirmed by Fourier-transform infrared spectra.
The addition of EC in the MC-Nal polymer salt matrix enhances the electrochem-
ical properties of the prepared films. The highest ionic conductivity of 5.06x10~3
S/cm is achieved for the composition: MC+50 wt. % Nal +10 wt. % EC. The
linear sweep voltammetry test reveals that the optimal plasticized-SPE can with-
stand up to 2.5 V. The ionic transference number analysis reveals that 99% of
ions contribute to the total conductivity. The optimized SPE film and graphene
oxide-based electrodes are used to manufacture a solid-state electrical double-
layer capacitor. The coulomb efficiency of the supercapacitor cell is 100%, and
the specific capacitance of the supercapacitor is found to be 18.56 F/g utilizing
impedance data at low frequency:.
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Solid polymer electrolyte (SPE) is an emerging can-
didate for manufacturing future energy storage systems

In recent years, there has been a lot of interest in flexi-
ble and portable energy storage devices, bendable displays,
artificial skins, and portable electronic gadgets.'* Energy
is stored in an electrical double-layer capacitor (EDLC)
device as a result of the build-up of charges at the interface
between the electrolyte and the electrode.’

at a low price and reducing the leakage and corrosion
at the electrode.* PEs with excellent chemical, ther-
mal and mechanical properties as well as their good
water absorption, are required for good conductivity.’
Green biopolymers deteriorate generally, whereas human
fabricated polymers are remarkably non-biodegradable®
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Cellulose is one of the most abundant green polymers
present in nature; however, pure cellulose is not solu-
ble in water,” and thus, needs to be modified. The use of
methyl chloride in cellulose named methylation appears
as a solution to dissolve cellulose. The methylation will
form methyl cellulose (MC) which can dissolve in water.
MC contains lone pair electrons at its oxygen atoms, which
can act as complexation sites with the salt’s cation. The
existence of lone pair electrons is a need for a polymer
to host ionic conduction.® Cations in sodium iodide (Nal)
can coordinate with O, atoms present in MC over dative
bonds. As a benefit in terms of conductivity, the func-
tional groups present in MC such as C- O-C, O-H, and
O-CH; have segregated pair electrons that are in charge
of ion transport.” In addition, MC polymer has an amor-
phous structure, exhibiting a quite high glass transition
temperature (Ty), in the range of 184-200°C."
Supercapacitors’ long life cycles and high power den-
sity make them ideal energy storage devices.!! Charges
accumulate and are released at the electrolyte/electrode
contacts in EDLCs. Many EDLCs are manufactured using
various electrode materials such as graphite, activated car-
bon (AC), carbon nanogel, and carbon nanotubes (CNTs).
However, the EDLC device appears to be a potential alter-
native to traditional batteries, particularly in low energy
density applications. As EDLC stores energy through the
process of adsorption or desorption, or a non-Faradaic
process, a large surface area electrode is crucial.’> The
performance of EDLC might be increased by modifying
the electrolytes or electrodes. Conventional accomplish-
ments have demonstrated that PEs are appropriate because
of their solvent-free, leakage-free, easy formation of thin
films, easy manageable, and extensive electrochemical
windows as opposed to commercial liquid electrolyte
counterparts.”*'* Ammonium salts integrated into MC
have been the subject of much research to generate PEs,'>°
nonetheless, there has been minimal focus on PEs, espe-
cially sodium salts. Sodium is plentiful and less expensive
than lithium. Furthermore, because the materials are soft,
it is simpler to create and maintain contact with other bat-
tery components.'” Aziz et al.'! prepared compatible green
polymer electrolytes based on methylcellulose (MC) and
Nal for EDLC application. The solution casting technique
was used to make green SPE using different amounts of
Nal. The maximum conductivity of the optimized MC-Nal
sample was determined to be 3.01 X 1073 S/cm with 50 wt.
% Nal. The incorporation of Nal into MC has increased the
ion transfer number from 0.75 to 0.93. The electrochemi-
cal stability potential window was about 1.7 V. The EDLC
delivers a high capacitance of 94.7 F/g. Abdullah et al.'®
prepared SPEs using polyvinyl alcohol (PVA)/MC incorpo-
rated with Nal salt. The highest value of ionic conductivity
was determined to be 1.53 X 10~ S/cm for the compo-
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FIGURE 1 Chemical structure of (a) pristine methylcellulose
(MC), (b) sodium iodide (NaI), and (c) ethyl carbonate (EC).

sition 50 wt. % Nal. The X-ray diffraction (XRD) result
reveals the optimal sample provides the lowest degree of
crystallinity. Ismayil et al.'” prepared SPE films using the
solution casting method. The effect of Nal on a polymer
blend matrix composed of sodium carboxymethyl cellu-
lose (NaCMC) and PVA was investigated. The results show
that the highest conductivity of NaCMC/PVA-based SPE
film was about 2.52 x 1073 S/cm for 30 wt. % Nal. The
incorporation of Nal into the NaCMC/PVA matrix has
decreased the crystallinity of SPE film as revealed by the
XRD data. Fourier-transform infrared (FTIR) approach
confirmed the complexation between Nal, NaCMC, and
PVA due to the formation of Nat and -OH groups and
hydrogen bonds between the I~ and —CH groups. The salt
incorporation has promoted the number of ions but still
shows a thermal stability decrease. Transference number
measurement (TNM) measurements showed that the ion
transference number of the optimized film was 0.99.

This work uses MC as a host polymer to prepare an
essential, eco-friendly, sustainable PE. The addition of
Nal as additive material and ethyl carbonate (EC) as a
plasticizer to the polymer matrix helps to improve ionic
conductivity. The structural morphology, physical, and
electrochemical properties of the plasticized SPEs will be
investigated as well as the performance of the solid-state
EDLC based on the optimized plasticized SPE film.

2 | MATERIALS AND METHODS

MC (Mw: 658.7 g/mol), Nal (Mw: 40,000 g/mol), and
EC (Mw: 88.06 g/mol) are used as purchased to prepare
the SPE films. The chemical structure of each material
is shown in Figure 1. MC was used as the host polymer,
Nal as an ion supplier, EC as a plasticizer, and double-
distilled water (DDW) as solvent. All the materials were
bought from Sigma-Aldrich. Each SPE film was character-
ized using the Motic (BA 310 model) to perform the POM,
a Perkin-Elmer FTIR spectrometer (model RX1) was used
to conduct the FTIR measurements, and the electrochemi-
cal impedance spectroscopy (EIS) measurement was made
by way of CH instruments CHI660D (Model 600 series
electrochemical analyzer/workstation).

85U8017 SUOWWOD SAIERID 3(dedl|dde auyy Aq peusenob ae s O ‘8sn JO Sa|nJ 10 ARIq1T78UIUO A8]1M UO (SUOIPUCD-PUe-SW.B) W00 A8 1M Ae1q | Ul |uo//Sdiy) SUoIpUoD pue swis | 8u1 89S *[£202/60/52] Uo Akiqiauliuo A1 ‘Alun uebop.i3 dikke | deosy Ad 8TO00EZ0Z BSB/200T 0T/I0p/Woo" A8 1M ARq 1 putjuoadons-Ansiweyd;/sdny wo.j pepeojumod ‘0 ‘22658692



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

3 Electrochemical Science Advances doi.org/10.1002/elsa.202300018

TABLE 1 The composition of the ethyl carbonate (EC)-based
quasi-solid polymer electrolyte (quasi-SPE) films.

Samples MC(g) Nal (wt. %) EC (wt. %) EC (g)
MCSPEO 1 50 00
MCSPE1 1 50 10 0.111
MCSPE2 1 50 200.250
MCSPE3 1 50 300.428
MCSPE4 1 50 40 0.666
2.1 | Polymer salt synthesis without

plasticizer

A chosen amount of 1 g of MC powder was dissolved in
80 ml DDW and stirred for a few hours till a completely
dissolved solution is obtained at room temperature (RT).
Afterward, a fixed quantity of 50 wt. % Nal was then intro-
duced to the MC solution and mixed again for several
hours. Four identical solutions of MC: Nal polymer salt
were prepared.

2.2 | Polymer salt synthesis with
plasticizer

The four solutions were subsequently doped with EC at
various concentrations (0, 10, 20, 30, and 40 wt. %) and
swirled continuously for the whole day until transpar-
ent homogeneous solutions are obtained. The samples
were named MCSPEO, MCSPE1, MCSPE2, MCSPE3, and
MCSPE4 which matched 0, 10, 20, 30, and 40 wt. % EC,
respectively. Each solution was then put into a petri dish
and let dry for a week in a desiccator filled with silica gel
powder. Plasticized-SPEs were obtained with different EC
contents. Table 1lists the components of the MC-based SPE
samples as well as their contents.

2.3 | Measurements

All the prepared films of pure MC, MC- Nal, and MC-
Nal: EC-based PEs with different EC concentrations
were characterized. The electrochemical work-station CH-
instrument (USA model) was used to perform the EIS,
linear sweep voltammetry (LSV), TNM, and cyclic voltam-
metry (CV) analyses across a frequency range of 0.01-
1 MHz.

231 | POM approach

Motic Optical Microscopy (BA 310 model) was used to
investigate the surface morphology of the samples to assess
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FIGURE 2 The schematic diagram for TNM, linear sweep
voltammetry (LSV), and impedance investigations.'

the influence of the EC on the MC-Nal polymer salt
complex.

23.2 | FTIR approach

The distinct polymer-ion interactions and particular func-
tional groups present in MC-based plasticized SPE samples
are measured using a Perkin-Elmer FTIR spectrometer
(RX1) at 25°C spanning the range 4000-650 cm™' at a res-
olution of 4 cm~!. This method was also used to verify the
complexity of MC, Nal, and EC.

2.3.3 | EIS approach

The electrical behavior of the MC-Nal: EC-based SPE film
was examined via the EIS method, which relies on the fre-
quency of AC potentials. This approach also measures the
impedance between the SPE and the electrode. This resis-
tance value varies with the concentration of EC added to
the MC-Nal polymer salt.

Ionic conductivity

Tonic conductivity (o) was determined by embedding each
PE film between two stainless steel electrodes, as illus-
trated in Figure 2. The ionic conductivity was determined
using the conventional formula.!®

o = d
_RbXA

@

where Rj, is the bulk resistance, A is the film’s section area
(1 x 1cm?) of the film, and d is the sample thickness
determined using a screw gauge (0-25 mm).

Relative permittivity
Relative permittivity (£) was measured for each sample
using Equation (2):
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The complex impedance data at 1 kHz frequency is used tetee = 1 —tion ®

to determine the relative permittivity values. The real(€’)
and imaginary and (€"")components of the complex per-
mittivity (£*) are calculated using Equations (3) and (4),
respectively:

, Z//
= 3)
(2" + Z")wC,
Zl
1" (4)

T @+ Z%wC,

where Z’and Z" are real and imaginary parts of impedance
spectroscopy (Z*), w is the angular frequency (w = 27 f),
Co=& 3 is the free space capacitance and &,, vacuum
permittivity.

Carrier density and mobility
Carrier density (ny) and mobility(x) may be calculated
using Equations (5) and (6) respectively?’:

4
EE' KT

3808,5 w108 e2d?

where o, denotes quasi-dc conductivity, e elementary
charge, K and T denote the constant of Boltzmann and
the thermodynamic temperature, respectively, and the effi-
cient relative permittivity iswritten as®' £’ (wyog) = 10&’;.
Where &’ is the real part of the effective permittivity.

The carrier mobility is then estimated using the relation-
ship shown below?’%!:

<)

=— (6)

" eny

234 | LSV method

This tool is used to check the maximum potential voltage of
the optimized SPE film. The LSV method can also measure
the current between the reference and working electrodes.

2.3.5 | TIonic transference number

Wagner’s polarization approach is used to determine the
contribution of ions and electrons in the plasticized SPE
film. The film is scanned between two stainless steel plates
at a constant scan rate, and the current density is recorded
over time. The total conductivity can be evaluated through
the calculation of the ion transference number (¢;,,) and
electron transference number (t,,.) using Equations (7)
and (8) shown below?*:

where I and I; are the steady-state and total currents,
respectively.

2.4 | Material synthesis of electrodes

The exfoliation approach was used to prepare graphene
oxide (GO) as electrode material.>> A solution of GO was
formed by the mixture of DDW and H,SO, in the pro-
portion 10: 90 wt% respectively. Electric wires connected
to both platinum cable and graphite are first bonded to
a power supply before being inserted in the prepared
solution. The entire system was covered with a paraffin
membrane, and a fixed voltage of 4 V was supplied for 5h to
finish the exfoliation process. The resultant dark solution
was completely ultrasonicated, cleansed, purified, desic-
cated, and collected. The finished product was then baked
at 80°C.

2.5 | Fabrication and testing of a
solid-state EDLC

2.51 | EDLC manufacturing

Electrode production

The optimized MC-Nal-EC-based SPE film and two iden-
tical electrodes were utilized to create the supercapacitor
device. Clean 1 X 1lcm? graphite sheets were used to
make the electrodes, which were then doped with an active
substance. The process for creating the active substance
involved dissolving P (VDF-HFP) as a binder in a very lit-
tle amount of acetone (solvent), combining it with GO in a
10:90 wt. %, and crushing it to create a homogenous slurry.
The graphite sheets were then evenly covered with the GO
paste and dried overnight in an oven at 80°C.

Finally, the high ion-conducting plasticized SPE sam-
ple was sandwiched between two GO-based electrodes to
make an EDLC cell. The various parts of the completed
EDLC are shown in Figure 3.

2.5.2 | An analysis of the EDLC cell

Cyclic voltammetry

CV is used to examine the nature of charge storage at the
electrolyte-electrode interface as well as its performance
across a set voltage range. The CV approach can be used
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FIGURE 3 The schematic diagram for the cyclic Voltammetry
(CV) and supercapacitor measurements.”

to analyze the nature of the charges stored in the EDLC
cells at the interfacial area in the anodic and cathodic
regions.”* The EDLC was assembled and tested using the
CV approach at a fixed scan rate. The area of the capac-
itive buckling of the CV graph was determined using an
integration function in Origin 8.5 software, and the specific
capacitance of the EDLC was derived using Equation 9:

V2 I(V)dAV

Cpp=) ——"
sp Vl 2mS (V2 - Vl)

C)

where m denotes the mass of active material (GO), V is the
voltage, and S is the scan rate.

Galvanostatic charge-discharge

The galvanostatic charge-discharge (GCD) approach is
experimentally opposed to the CV method where the vari-
ations of charges and discharges are observed within a
voltage range under a fixed applied current. This tool dis-
plays the real performance of the cell. The coulombic
efficiency was determined using Equation (10):

Atp
n = A_tc X 100% (10)
where Atp represents the discharging time and Atc rep-
resents the charging time. The specific capacitance (Cy)
of the supercapacitor was obtained by exploiting the GCD
data using Equation (11):

I
Copp=—77 11
P @v/dtym ()
where I, is the discharge current, dV /dt is the slope of the
discharge curve, and m is the mass of the GO.

EIS approach
This tool was employed to evaluate Cj,. The value of Cy, is
obtained using the following expression:

-1

v = 27777m

(12)

where Z''is the imaginary part of impedance at lower fre-
quencies, m is the active electrode material (GO) and f is
the frequency.

3 | RESULTS

3.1 | POM analysis

To comprehend the compatibility between each compo-
nent of the plasticized SPEs, the study of the phase transi-
tions can be monitored using the POM approach. Figure 4
presents the micrographs of pure MC, Nal, EC, MC-Nal,
and the optimized MC-Nal: EC-based SPE film. The sur-
face morphology of each sample film looks uniformly
homogeneous with no phase separation. Figure 4a shows
the surface morphology of Pristine MC. The morphology
of MC appears compact and an obvious interconnected
porous structure is observed. The morphology of the MC
sample also reveals traces of scratches and damages, which
characterize the substrate-surface state. The scratches and
damages appear due to the roughness of the surface of the
petri dish used to prepare the MC film. The structure of the
pure MC film is seen to be poorly organized. The surface
morphology of MC exhibits spherulite and microspores
with different sizes dispersed along the surface of the pure
film. Previous research has proven that spherulite is asso-
ciated with the crystalline area, while the dark regions
between spherulite contacts are associated with the amor-
phous phase.” The presence of the spherulites with small
amorphous regions between the spherulites in the mor-
phology confirms that MC is semi-crystalline. Figure 4b,c
shows the surface morphology of Nal and EC respectively.
The inclusion of 50 wt. % Nal in the MC matrix has cru-
cially changed the morphology of MC: Nal PE as shown
in Figure 4d. It is observed a reduction in the size of the
MC spherulites and consequently an increase of darker
regions upon the addition of Nal salt, implying a reduc-
tion in crystallinity. The MC: Nal sample morphology is
uniform and homogeneous, although with various levels
of roughness due to the addition of Nal salt. It has been
shown that salt ions can combine with polymer chains
to create complexes, which diminish hydrogen bonding
interactions within the polymer matrix and increase the
percentage of amorphous material.”® Previous research
has postulated that rough surfaces connecting PEs act as
conduits for ion conduction via the electrolyte.?’>° Addi-
tionally, the production of ion pairs, which is unrelated to
the ionic conduction process, was described as the emer-
gence of particles on the surface of samples.*3? At high

85U8017 SUOWWOD SAIERID 3(dedl|dde auyy Aq peusenob ae s O ‘8sn JO Sa|nJ 10 ARIq1T78UIUO A8]1M UO (SUOIPUCD-PUe-SW.B) W00 A8 1M Ae1q | Ul |uo//Sdiy) SUoIpUoD pue swis | 8u1 89S *[£202/60/52] Uo Akiqiauliuo A1 ‘Alun uebop.i3 dikke | deosy Ad 8TO00EZ0Z BSB/200T 0T/I0p/Woo" A8 1M ARq 1 putjuoadons-Ansiweyd;/sdny wo.j pepeojumod ‘0 ‘22658692



Chemistry
Europe

European Chemical
Societies Publishing

Research Article
doi.org/10.1002/elsa.202300018

6 Electrochemical Science Advances

.&m "j (e) &

e oS

FIGURE 4 Micrographs of (a) Pristine methylcellulose (MC) film, (b) sodium iodide (Nal), (c) ethyl carbonate (EC), (d) MC+50 wt%
Nal, and (e) MC + 50 wt% Nal + 10 wt% EC film taken at (10) magnifications with and a scale bar of 100 um.

salt concentrations, salt can aggregate due to the inter-
ionic electrostatic interactions and the incompatibility of
the integrated salt with the polymer. Ion pairs are cre-
ated when the salt concentration exceeds a certain level,
which causes salt to flow to the surface. It is clear from the
POM micrograph image that the sample’s surface contains
tiny white specks. Bhad and Sangawar, who combined
PVA with NH,SCN salt, also noted this effect.’> They
observed that the white flecks on the outer layer of the
electrolyte can behave as proton conductors. The incor-
poration of 10 wt. % EC into the polymer-salt matrix has
significantly reduced the number of white particles (aggre-
gates) in the morphology of the sample with increased
dark regions (Figure 4¢). The dark regions appear due to
the plasticizing effect of EC which increases the amor-
phousness of the EC-based SPE film. The reduction in salt
aggregation (ion clusters) suggests ion dissociation into the
matrix. The ionic dopant Nal is thought to dissociate more
quickly in the presence of EC, increasing the dissociation
of Na* toward the MC matrix. EC provides a structure
with a shortened path, allowing Nat to go through and
pass each point more quickly. During the transfer phase,
weak bonds formed between Nat and the oxygen atoms
of the EC earlier than the Na* leaped to the C = O of the
SPE. The energy threshold was also lowered as a result
of the decreased effective hop distance.’* As a result, the
incorporation of EC into the MC: Nal matrix has signif-
icantly modified the surface by reducing the formation
of white agglomerates due to the non-complete dissocia-
tion of salt. It can be observed that the plasticized SPE
had a smooth surface with no apparent defects. The sur-
face morphology also changed from bright to dark with an
increase in some dark regions that confirms the increase
in amorphous nature caused by the plasticizing effect of
EC. EC as a plasticizer has not only increased the amor-
phousness of the plasticized SPE but also facilitated the
dissolution of some ion-aggregates present in MC: Nal,

MC + 50 wt.% Nal + 10 wt.% EC
—— MC + 50 wt.% Nal
MC
EC
Nal
- |.e
S | 1793 “
o /
0 |Gt 29037 1380445 \4
@ s M| 702 /
] 342
S
o
c
S la 2998
[
342
344
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm'1)
FIGURE 5 Infrared (IR) spectra of (a) sodium iodide (Nal), (b)

ethyl carbonate (EC), (c) Pure methylcellulose (MC), (d) MC +
50 wt.% Nal and (e) MC+50 wt.% 10 wt.% ethyl carbonate (EC)
recorded at room temperature (RT) with a spectral resolution of

4cm™L

which increases the number of free ions and thus enhances
the ionic conductivity.

3.2 | FTIR spectroscopy

The complex formation between the polymer, salt, and
plasticizer was investigated using FTIR spectroscopy. The
IR spectra of Nal, EC, pure MC, polymer-salt, and the
optimal plasticized SPE film are shown in Figure 5. The
IR spectrum of pure Nal is shown in Figure 5a. Some
absorption peaks are visible at 3428, 3443, 2005, 1987, 1607,
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1361, 1082, 776, and 706 cm~'. Figure 5b depicts the IR
spectrum of pure EC. There are obvious vibration peaks
that can be seen clearly at 2996, 1797, 1774, 1559, 1477,
1395, 1156, 1067, 974,776, and 721 cm™L. Figure 5c reveals
the IR spectrum of pure MC. A stretching vibration of
O-H at 3428 cm~! and C = C stretch at 1462 cm™' sug-
gested the presence of alcohols and aromatic compounds.
A strong peak of C-O was observed at 1060 cm™~! and
the bending vibration of = C-H at 948 cm™! suggested
the presence of alcohol and alkenes respectively. Addition-
ally, two minor vibrational bands were seen at 1648 and
1376 cm™!, Figure 5d shows the IR spectrum of the MC:
Nal which features the interaction between MC and Nal.
The presence of a broad and strong peak at 3428 cm™!
assigned to the O-H stretch and the vibration of the C-H
stretch at 2903 cm™! revealed the existence of alcohols and
alkanes, respectively. A strong band of stretching vibra-
tion of C = O at 1793 cm™! and a medium band of = C-H
observed at 1458 cm~! were assigned to acid chlorides
and aromatics respectively. Two strong absorption peaks
of C-0 at 1380 and 1052 cm~! were ascribed to alcohols.
Finally, the two absorption peaks observed at 702, and
672 cm™! corresponding to the C-H bend vibration were
assigned to aromatic compounds. Figure 5e depicts the IR
spectrum of the EC-based MC: Nal, which indicates the
existence of vibration bands. A vibratory stretching of O-H
at3428 cm™! suggested the presence of alcohol groups. Two
absorption peaks were found at 2918 and 2903 cm ! both of
which correlate to C-H stretching and are ascribed to alka-
nes and alkyl groups. A strong band of C = O stretches at
1648 cm-! and a strong band of C-H bending at 698 cm™
is attributed to amide and aromatic compounds, respec-
tively. The bending vibration of = C-H was detected at
695 cm™~!, indicating the presence of alkenes. Finally, four
vibrational bands were found in the EC-doped MC: Nal
spectrum at 2005, 1774, 1052, and 952 cm~L. The changes
in peak intensities and positions observed in IR spectra
of the MC: Nal complex and the optimal plasticized SPE
were caused by phase and chemical composition changes.
Some peaks initially present in the pure Nal salt are also
found in MC: Nal with a shift in position and intensity.
The additional peaks present in MC: Nal at 2903, 1793,
1458, 1380, 1052, 702, and 672 cm™! confirmed the inter-
action between MC and Nal. Because of the connection
of Nat ions to C-O and = C-H stretching both of MC
pure MC, the C-O stretching at 1060 cm™! and = C-H
at 948 cm™!, have changed to 1052 and 952 cm™' respec-
tively for EC- based MC: Nal sample. It was found that
some peaks (3428, 2903, and 1052 cm™!) present in EC-
based MC: Nal also appeared in MC: Nal. The existence
of additional peaks in EC-based SPE indicated the interac-
tion between Nal, EC, and MC, confirming the formation
of a complex.

TABLE 2 Calculated values of RT- ¢ for the prepared solid
polymer electrolytes (SPEs) with their uncertainties.
Samples o (S/cm) o Error (+)
MC 31 x107" -
MCSPEO 3.02x1073 1.51 x 10~
MCSPEL 5.06 X 1073 2.53x 1074
MCSPE2 1.00 x 1073 5x107°
MCSPE3 2.45%x1073 1.225x 107
MCSPE4 9.09 x 10~* 4.545x 1073

The highest value of o was found with the sample MCSPEL: MC + 50 wt. %
Nal + 10 wt. % EC and determined to be 5.06 X 10~* S/cm. The variation in &
with EC content in the MC: Nal matrix is shown in Figure 7.

3.3 | Analysis of AC impedance

The electrical behavior of the plasticized SPE films was
carried out using the impedance spectroscopy approach.
Figure 6 depicts the Nyquist plots of pure MC, MC-Nal, and
plasticized SPE films at RT with EC concentrations of 10,
20, 30, and 40%. The high-frequency region shows a semi-
circle, whereas the low-frequency area shows a spike. The
semicircle is created by the volume effect of the electrolyte,
while the spike is caused by the blocking action of the
electrodes.® The intercept between the semicircle and the
spike was used to compute the bulk electrolyte resistance
of each sample. The addition of 50% Nal to MC dramati-
cally reduced the diameter of the semi-circle, implying a
reduction of bulk resistance in Nal- doped MC. The rise in
the carrier density induced by the inclusion of Nal might
account for this decrease. The incorporation of different
concentrations of EC into the MC: Nal matrix has also con-
tributed to lowering bulk resistance, which may be related
toincreased polymer chain mobility. This decrease in semi-
circle diameter suggests an increase in ionic conductivity.
It should be noticed that pure MC shows a conductivity of
3.1 x 107! S/cm, as computed from Figure 6a. The con-
ductivity increases to 3.02 X 10~ S/cm when the salt is
dispersed in pure MC (Figure 6b). Impedance spectroscopy
of the EC-based plasticized SPEs is observed in Figure 6¢c-f.
The highest conductivity value is found to be 5.06 x 1073
S/cm for the sample: MC + 50 wt% Nal + 10 wt% EC
(MCSPE1) with the lowest value of bulk resistance.

3.3.1 | Conductivity measurements
The ionic conductivity (o) of each sample was determined
using Equation (1). Table 2 summarizes the values of o for
various concentrations of EC calculated at RT.

The addition of the optimal amount of 50 wt. % Nal in
MC leads to enhance o in pure MC from 3.1 x 107! to
3.02 X 1073 S/cm. The incorporation of EC as a plasticizing
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FIGURE 6 Nyquist plot for plasticized SPE samples: (a) Pure methylcellulose (MC), (b) MCSPEO, (c) MCSPEL, (d) MCSPE2, (e)

MCSPE3, and (f) MCSPE4 at room temperature (RT).

agent into the MC: Nal matrix has also contributed to con-
ductivity. The o reaches a maximum value of 5.06 X 1073
S/cm upon inclusion of 10 wt. % EC. Figure 7 shows the
conductivity trend in MC: Nal with various EC concentra-
tions. The initial rise in o was observed upon the addition
of 10 wt. % EC. This augmentation was related to the
rise in mobility caused by the plasticizing impact of EC
in the MC: Nal matrix which decrease the glass transi-
tion temperature. The increased flexibility of the polymer
chain contributed to reducing the crystallinity and thus
increases the conductivity. The ion-association theory may
be responsible for the further decrease in o at a greater
amount of EC, which leads to generating ion clusters and
a fall in carrier concentration. With the direct coordina-
tion of the solvent molecules and Cog_anions from EC,
complicated ion-pair complexes were formed. Nat ions
were entirely solvated by solvent molecules after a direct
interaction between solvents molecules and Cog‘anions
leading to generate ion pair complexes. The further rise
in conductivity up to 2.45 X 1073 S cm™! at a high con-
centration of 30 wt. % EC was because of the segregation

0.006
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e e
o o
o o
=3 =
1 1

lonic conductivity (S/cm)
g
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1

0.001

1 T 1 M I T T T 1
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FIGURE 7 Ionic conductivity versus ethyl carbonate (EC)
content in plasticized solid polymer electrolyte (SPE): MC + 50 wt.
% Nal.

of clusters caused by the relatively high relative permit-
tivity throughout the material especially that of the EC,
which became dominant as the EC amount rose. This
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o 10 20 30 20 can be impacted by two physical situations: 1) the blocking

EC content (wt.%)

FIGURE 8
concentration in MC + 50 wt. % Nal system at 10* Hz.

Dependence of £ with ethyl carbonate (EC)

re-dissociation of ion clusters enhanced the carrier den-
sity resulting in improving SPE conductivity. However,
the density of mobile carriers has a significant impact on
0.%738 The formation of ion-pair complexes as a result of
direct interaction between EC, Nal, and MC resulted in the
multiplication of mobile charges within the matrix. This
salvation resulted in a wide distribution of Na™*, CO%‘ and
I7, leading to a rise in o at 30 wt. % IL. Over 30 wt. %,
the inclusion of EC caused a reduction in the, which may
have resulted in ion aggregates (clusters). Cluster forma-
tion slowed mobility and lowered free ion concentration,
resulting in a reduction in conductivity.**~** At lower con-
centrations, EC works as a plasticizer by improving the
mobility of the polymeric chain, which increases conduc-
tivity; however, a high concentration of EC in the SPE
induced the formation of more non-conducting ions which
do not contribute to the conductivity. The influence of
chain mobility on ionic conductivity could be connected
to the polymer’s free volume in general. As the free vol-
ume within the polymer grows, the polymer chain rotates
more easily, and ion transport in PEs accelerates. As a
result, the addition of EC increases the free volume of
PEs, resulting in increased ionic conductivity. The plas-
ticizer promotes ionic mobility by reducing the viscosity
of the ionic environment, resulting in high conductivity
at ambient temperature. In the plasticized electrolyte, the
Na* ions get coordinated with both the polymer and the
EC. There are additional interactions between the polymer
chain and the plasticizer molecules.

3.3.2 | Relative permittivity

Figure 8 displays the EC content-dependence of the £ in
the MC: Nal system at 10° Hz. It is clear that £ and o have
the same trend and are both correlated to the concentration

effect and 2) the space-charge-induced enhancing effect.
The initial increase in ¢ is due to an increase in the num-
ber of charge carriers, followed by a further increase due
to an increase in mobility.45 In contrast, the second fall in
¢ found is driven by the blocking effect, which slows ion
conduction due to increased charge concentrations that
might no longer immobilize the polymer chain; this led to
reduced segmental mobility and therefore decreased o.*°
The initial increase in ¢ was due to the augmentation in car-
rier density and the subsequent decline was caused by the
blocking layer effect which accumulates ion clusters in the
plasticized SPE and limits the formation of ion-pair com-
plexes. The intermediate increase of 30 wt. % EC is caused
by the force of space charges that drives conducting ions
and enhances o. The final fall in dielectric constant was
related to the accumulation of a high number of ion clus-
ters that slowed down the polymer chain mobility which
do not participate in the conductivity. The different val-
ues of ¢ were determined using Equations (2)—(4). Table 3
summarizes the values of € for each content of EC in the
plasticized SPE calculated at 10° Hz.

3.3.3 | Carriers density and mobility

Figure 9 displays the charge carrier density (n) and mobil-
ity (1) with varying EC content in the SPE system at RT. It
has been seen that carrier concentration and mobility are
at odds with one another. After the addition of 10 wt. %
EC, the initial increase in charge carriers followed by an
increase of up to 40 wt. % EC is because of the increase
of ion conductors in the polymer-salt complex which rises
conductivity. The 20 wt. % drop is due to ion aggregations
which do not impact on o. The presence of an overabun-
dance of ion clusters in the SPE film causes a reduction
in carrier density at high EC content. The limited density
of charge carriers facilitates the movement of the polymer
chain which improves its mobility. At elevated concentra-
tions, salt in the MC+ 50 wt. % Nal matrix works as an
ion supplier and as a plasticizing agent at lower concentra-
tions, improving chain mobility. The density and mobility
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FIGURE 9 The variation of the carrier density and mobility
with ethyl carbonate (EC) content in the MC+50 wt. % Nal system.

TABLE 4 The density of charge carriers and mobility values
for various compositions of ethyl carbonate (EC) in the MC+50 wt.

% Nal system.
EC content (wt. %) Carriers density = Mobility (m?/Vs)
0 5.50 x 10° 3.43 x 102
10 2.19 x 10" 14.44 x 10°
20 1.58 x 10" 3.95 x 10°
30 1.97 x 10" 7.77 X 108
40 2.39 x 10% 237x 1074

of charge carriers in plasticized SPE films are determined
using Equations (5) and (6) and are shown in Table 4.

3.3.4 | Linear sweep voltammetry

The electrochemical stability window (ESW) for the opti-
mized SPE film was obtained to be between +1.5 and
-1 V. Figure 10 depicts the LSV data of the highly conduc-
tive sample: MC+50 wt. % Nal + 10 wt. % EC performed
at scan rate of 100 mV/s throughout the potential range
[—3, 3 V]. The electrochemical window value for the opti-
mal plasticized SPE incorporated with EC was 2.5 V. The
ESW was calculated using the prepared SPE embedded
between two stainless steel plates (SS). The plasticized
SPE’s anodic voltammetry sweep revealed an oxidation
onset at 1 V and a reduction onset at 1.5 V. It is evident that
no anodic current is detected up to 0.975 V, proving that no
chemical reactions occur within the plasticized SPE film
in this range. The electrode potential rises over 1V, and
the current climbs steadily. This rise was caused by the
deterioration of the electrolyte sample.*’ For protonic PEs
and aqueous electrolytes, the typical potential window is
approximately 1 V.*® The obtained result indicates that the
prepared SPE is thought to be suitable for energy storage
device applications.

0.03
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0.02
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0.00 —
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FIGURE 10 Linear sweep voltammetry (LSV) graph for the
optimal plasticized solid polymer electrolyte (SPE) film recorded at
scan rate 100 mV/s at room temperature (RT).
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FIGURE 11 Time-dependent polarization current for the
optimal plasticized solid polymer electrolyte (SPE) at an applied
voltage of 0.8 V at room temperature (RT).

3.4 | Ionic transference number
measurements

Ion and electron contributions to the overall conductivity
of highly conductive PE were evaluated using Wagner’s
polarization. The cell: SS/ MC+ 50 wt.% Nal +10 wt.%
EC /SS was polarized by applying a voltage of 0.8 V. A
time-dependent vs. current density graph is depicted in
Figure 11. The curve gradually declines until it achieves a
steady-state current (I, = 5.509 X 10~ A). The total current
(I; = 5.527 x 107°A) combines both ionic and electronic
contributions at interface SS/SPE. I confirms that the
cell’s polarization owing to the blocking effect of the SS
electrodes, but it only allows electrons to flow through.**->!
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FIGURE 12 The optimized polymer electrolyte Tima/(s)
PE) film-based supercapacitor’s cyclic voltammetry (CV) plot was
(PE) percap Y v (CV)p FIGURE 13 Galvanostatic charge-discharge (GCD) graph for

recorded at a scan rate of 50 mV/s over 0—0.8 V for the three first
cycles.

Ion contribution (¢;,,) and electron contribution (f..)
were computed using Equations (7) and (8) and deter-
mined to be 0.99 and 0.01, respectively. In PEs, sodium
salts are dissolved in polymers to create cations and anions.
The conductivity of Nal is due mainly to the migration of
cation vacancies. Furthermore, much of the conductivity
in PEs stems from the mobile anions, rather than the metal
cations in energy storage. Because the contribution of elec-
trons is so small, this result clearly shows that ions monitor
conductivity. Plasticized SPE films are then found to be
suitable for ionic devices.

3.5 | Cyclic voltammetry

The CV technique was used to test the supercapaci-
tor’s performance throughout a voltage range of 0—0.8 V.
Figure 12 depicts the capacitive characteristics of the con-
structed supercapacitor, exhibiting the hysteresis buckle of
a supercapacitor. The redox peak’s absence, which denotes
a non-faradaic mechanism during charge storage, con-
firmed the presence of the EDLC cell.’”> The anodic and
cathodic peak potentials, as well as the corresponding
anodic and cathodic peak currents, were not observed
at 50 mV s7! for the three first cycles. The CV graph
shows that the total capacitance in the optimized sample
ranges from 0 to 0.8 V, indicating the importance of surface
area and narrow pore distribution.>® The electrical field
that separates the ion from the electrolyte and polarizes
the electrons from the electrode charges the supercapac-
itor. The value of C,of the EDLC cell was computed
from the CV curve using Equation (9) and determined to
be17.15F g~

electrical double-layer capacitor (EDLC) with the optimum solid
polymer electrolyte (SPE) at room temperature at a constant current
density of 0.5 A/g.

3.6 | Galvanostatic charge-discharge
Figure 13 depicts the GCD graph of the manufactured GO-
based supercapacitor. A constant current density of 0.5A/g
was applied to measure the potential versus time. The exis-
tence of internal resistance in the structure is shown by a
voltage drop. The capacitor behavior of the design with a
reduced Faradic process and low ESR value is shown by the
linear charge/discharge curve, which indicates the super-
capacitor is ideal. Equation (10) is used to calculate the
coulombic efficiency of the GO-based system, and it is dis-
covered to be 100%, indicating that the cell can sustain a
load for a long time. Using Equation (11), the capacitive
behavior of the supercapacitor was also estimated from the
GCD curve illustrated in Figure 13. The estimated value of
C,p was 16.25 F/gat 0.5 A/g.

3.7 | Electrochemical impedance
spectroscopy

The analysis of ionic transport, bulk electrolyte character-
istics, behavior at the electrode-electrolyte interface, and
other phenomena may be done effectively with EIS. This
approach was used to study the impact of several variables
on device performance, including charge-transfer resis-
tance, electrolyte resistance, and Cy; at low frequencies.
Figure 14 depicts the supercapacitor cell’s low-frequency
experimental impedance spectroscopy graph and fitting
plot of the equivalent electrical circuit (EEC) across the fre-
quency range 0.1 MHz to 5 mHz using the optimal SPE
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FIGURE 14 The fitting plot of experimental impedance and
equivalent electrical circuit (EEC) for the optimized SPE:
MC+50 wt%Nal+10 wt%.EC.

TABLE 5 Generated parameter values obtained with fitting
data using the extrapolating graph approach in Origin Pro 8.0.5*

Parameters/Unit Value

R, /Q 90.51

Ry /Q 373

Ca/uF 6.686 X 107>

W/(Q/sY2) 16.47 x 104
-Z'/Q 1715

Cyp /(F/g) 18.56

sample: MC+ 50 wt. % Nal + 10 wt.% EC. The modi-
fied Randal’s equivalent circuit ***° which includes the
electrolyte-electrode-current collector resistance (R;), con-
stant phase (Q) or double layer capacitance(Cy;), charge
transfer resistance (R.;) and Warburg component (W) as
shown in Figure 14 was used to create the Nyquist plot. The
bulk electrolyte and diffusion properties are essentially
represented by R.; and Z,,, but the dielectric and insult-
ing properties at the electrode-electrolyte interface control
QandR,,. The capacitance between the electrolyte’s ionic
species and the electronic charges at the electrode surfaces
is represented by Cy; in a parallel relationship with R,.
The Nyquist plot assists in determining R.;. The usual
Nyquist plot has a semicircle component that represents
the restricted phase of electron transfer at high frequen-
cies and a linear portion that derives from the limited step
of electrochemical diffusion at relatively low frequencies.
The relative error of fitting was 0.5. The value of C, was
calculated via Equation (12) and determined to be 18.56 F/g
which is near to the obtained CV data. The values of the
different parameters that were determined by fitting the
impedance data with the EEC are shown in Table 5.

4 | DISCUSSION

According to a previous study *° an unplasticized MC-
based electrolyte (75 wt% MC-25 wt% NH,NO;) with a
conductivity of 2.10 x 107% S/cm gives a low capacity
of 1-2 F/g when utilized in a capacitor. In this investi-
gation, because the plasticized sample (MC+ 50 wt. %
Nal+10 wt.% EC) has a conductivity of 5.06 X 1073 S/cm,
the capacitance of the produced EDLC is expected to be
higher (18.56 F/g). The CS: DN: NH4I: Zn (II) -the com-
plex was plasticized with various GL concentrations, and
the effects of the metal complex and GL on the elec-
trolyte properties were investigated.”” According to EIS
studies, the plasticized system’s greatest conductivity was
3.44 x 10~* S/cm which was lower than that of our current
study. TNM analysis revealed that the transport mecha-
nism in the created electrolyte is primarily ionic, with a
high value of t¢;,,, = 0.983, which is less than 0.99 achieved
with the optimized MC: Nal: EC system. LSV method
revealed that the stability potential window of the CS:
DN: NH4I: Zn electrolyte was 1.5 V. This value is found
to be less than 2.5 V obtained with the LSV method for
the optimized MC-based PE. Shujahadeen et al. developed
an MC:Dextran (MC:Dex) based SPE doped with NH,I
for an EDLC application.” The highest conductivity was
determined to be 1.12 X 1073 S/cm for 40% NH,I, which
is lower than that of the optimal sample MC-Nal:EC sys-
tem reported in this work using the same host polymer.
The LSV investigation demonstrates that the ESW of the
optimum sample: MC+50 wt. % Nal+10 wt. % EC (2.5 V) is
greater than 1.27 V reported for the optimal MC:Dex:NH,4I
electrolyte.

The current study, as well as prior studies, emphasizes
the importance of biopolymers in PE synthesis and device
manufacturing. In emerging technologies, the need for
bendy energy storage devices such as EDLCs and batter-
ies motivates experts to design and find novel materials.
One challenge in this industry is that biopolymer-based
devices are not strong for higher cycle numbers. Table 5
summarizes several essential parameters that can con-
tribute to enhanced performance. To begin, choosing the
host polymer matrix is a crucial element that plays a key
role in achieving optimal results. In EDLC applications,
the host polymer should have good electrochemical and
thermomechanical properties. These features enable the
manufactured EDLC device to provide good outputs and
have a long cycle life. Second, when employing a PE in
an electrochemical device, it is critical to choose an ade-
quate dopant salt. Low lattice energy salts such as Nal
facilitate dissociation, whereas high lattice energy salts
are difficult to dissolve by the host polymer, which cre-
ates a lack of mobile carriers. Furthermore, the use of
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TABLE 6 A summary of the values of 0,t;,, and C;), for previously developed electrolytes and the optimal sample MC+50 wt. %
NaI+10 wt. % EC prepared in this work.
Samples o (S/cm) RT tion(TNM) Cyp(F/9) References
'MC-NH,NO, 2.10 x 107° - 1-2 [56]
>CS:DN:NH,I:Zn(II) 3.44 x10~* 0.983 108.3 [57]
SMC:Dex:NH4I 112 %1073 0.98 79 [58]
4CS:MC: NH,SCN 2.81 %1073 0.84 66.3 [59]
SMC-KI-glycerol 5.14%x107* 0.964 68 [60]
°CS:MC:NH4I: glycerol 6.65x107% 0.97 9-10 [61]
"NaCMC/PVA-Nal 2.52%1073 0.99 - [62]
8CS: NH,NO;:glycerol 3.21x107° 0.923 124 [63]
9MC-Nal 2.70 X 1073 - - [64]
OPVA-MC-NH, I 7.01 x 10~# 0.88 = [65]
IMC-AF 6.40 X 1077 - - [66]
MC-Nal-EC 5.06 X103 0.99 18.56 Current work

'Methylcellulose(MC)-ammonium nitrate(NH,NO3).

2Chitosan (CS):dextran (DN):ammonium iodide (NH,I):Zn(II)-metal.
3Methylcellulose (MC):Dextran(DN): ammonium iodide (NH,I).
“4Chitosan (CS): methylcellulose (MC):ammonium thiocyanate(NH4SCN).
SMethylcellulose (MC)- potassium iodide (KI)-glycerol.

5Chitosan (CS):methylcellulose (MC): ammonium iodide (NH,I): glycerol.

7Sodium carboxymethyl cellulose (NaCMC)/poly(vinyl alcohol) (PVA)-sodium iodide (Nal).

8Chitosan (CS):ammonium nitrate(NH,NO;):glycerol.
9Methylcellulose(MC)-Sodium Todide(NaTI).

10polyvinyl alcohol(PVA)-methylcellulose (MC)- ammonium iodide (NH4I).
IMethylcellulose (MC)- ammonium fluoride(AF).

plasticizers such as EC can facilitate ionic conduction; nev-
ertheless, a substantial quantity can generate mechanical
weakness and rise reactivity about electrodes. Our research
group is working to create PE sheets that have high device
performance and conductivity. As far as we know, all
biopolymer-based outcomes should be disclosed in other
to highlight the advancements made in this sector. The out-
comes indicate the potential for future high-performance
gadget development; nevertheless, further attention from
scientists is required. Biopolymer-based devices must be
prioritized since they are completely non-toxic and do not
include any harmful components. As previously stated,
several parameters such as functional groups of the poly-
mer, salt lattice energy, and plasticizers have an impact
on device performance. As a consequence, these param-
eters should be investigated early and findings should be
also reported. However, the performance of EDLC devices
based on biopolymers has been encouraging thus far,
and improved performance is predicted shortly. Table 6
displays the o, f;,,and C, measurements made for the
latest developed solid bioPEs and the currently used PEs.
According to the findings, this study improves electrolyte
characteristics and device performance above some earlier
results.

5 | CONCLUSIONS

New plasticized SPEs based on biopolymer (MC), Nal salt
as a dopant, and EC as a plasticizing agent have been
successfully developed using the solution cast technique.
The plasticized electrolyte samples exhibited outstanding
properties which were suitable for supercapacitor devices.
The inclusion of EC in the MC: Nal matrix has improved
the electrochemical and physical properties of the plas-
ticized SPEs and the optimal sample containing EC was
tested in a solid-state EDLC to evaluate its performance.
The highest conductivity of the optimal plasticized SPE
film was 5.06x10~* S/cm for the composition: MC+50 wt.
% Nal+10 wt. % EC and was electrochemically stable up
to 2.5 V. The plasticized PE with the highest conductivity
is amorphous and flexible. At relatively low EC concen-
trations, the film is also characterized by smoothness and
homogeneity of surface shape. The dominance of ions over
electron conductions within the electrolyte was confirmed
as expected with 99% of ion contribution to conductiv-
ity. The developed gel polymer films were free-standing
and flexible with good electrochemical and mechanical
properties which are suitable for solid-state supercapaci-
tors. GCD data shows that the Columbic efficiency of the
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EDLC device based on the prepared optimal film was 100%
and its specific capacitance was 18.56 F/g. According to
the findings presented in this paper, these newly created
electrolytes are desired options among other electrolytes
for not only flexible solid-state supercapacitors but also
the fabrication of innovative batteries with higher safety,
flexibility, and cycling stability.
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