¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Eco-friendly solid polymer electrolytes doped
with NaClO,4 for next-generation energy storage
devices: structural and electrochemical insightsy

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2025,
6, 3149

Vipin Cyriac, (22 Ismayil, (2 * Kuldeep Mishra, {2 ° Ankitha Rao,*
Riyadh Abdekadir Khellouf,” Saraswati P. Masti® and |. M. Noor™

One of the environmental challenges of energy storage devices is ensuring sustainable manufacturing
and disposal practices to minimize hazardous waste. In this study, a blend of green polymers, chitosan
(CS) and polyvinyl alcohol (PVA) is used as a host matrix to create flexible ion-conducting films, with ion
donating NaClO,4 added to enable ion transport. A significant polymer—salt interaction is evident from
the FTIR investigations. Impedance spectra reveal a decrease in the bulk resistance with increasing salt
content, highlighting the potential of the system for energy storage applications. The optimized bulk
conductivity is improved from (143 + 0.26) x 1078 S cm™* for the pure blend to (5.23 + 0.27) x 107* S cm™*
for the composition with 35 wt% NaClO4. The ion transport properties, investigated using the Schutt and
Gerdes (S—G) model, reveal a strong dependency of conductivity on the carrier concentration over ion mobi-
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lity. Linear sweep voltammetry (LSV) showed the high electrochemical stability of PCP35 up to 2.6 V. The ionic
transference number close to unity confirms the purely ionic nature of the optimized composition. The
electric-double layer capacitor (EDLC) comprising the optimized electrolyte composition delivers a specific
capacitance of 20.58 F g™t at 0.05 mA g%, with energy and power densities of 2.69 W h kg~ and 97 W kg%,
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1. Introduction

The global demand for efficient energy storage systems is
driven by the increasing implementation of renewable energy
sources, particularly wind and solar power, to address climate
change concerns and promote environmental sustainability."
Intermittent energy sources require storage systems to handle
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their variable outputs and effectively integrate them into
power grids. Energy storage technologies enhance the network
efficiency, reliability, and energy density. These technologies
balance generation and consumption, store surplus energy
for later use, and aid in the shift from fossil fuels to renew-
ables. Various storage technologies are being developed and
implemented globally to address these challenges and
facilitate the transformation of electrical systems into more
adaptable platforms.> Electric double-layer capacitors (EDLCs)
are a crucial class of energy storage devices, offering high power
density, long cycle life, and fast charge/discharge rates.” EDLCs
outperform batteries in terms of specific power, fast charge-
discharge rates, and cycling stability but have lower energy
density.*

EDLCs store energy via an electric double layer at the
electrode-electrolyte interface. An electrolyte is vital for charge
storage, with ionic liquids and organic electrolytes providing
wider potential windows than aqueous electrolytes.” Tradi-
tional liquid electrolytes pose challenges such as leakage,
volatility, and safety risks. Solid-state electrolytes (SSEs) offer
a promising alternative with improved safety, higher energy
density, and better thermal stability.® Solid-state electrolytes
(SSEs) are classified into inorganic, polymer, and composite
types, each with unique properties. Despite their benefits, SSEs
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face issues such as a lower ionic conductivity than liquid electro-
lytes, interfacial resistance, and mechanical instability.”

PVA has multiple characteristics that render it suitable for
solid electrolyte applications. Its film-forming capability, flex-
ibility, and high tensile strength facilitate the production of
durable membranes.® When combined with salts, PVA-based
electrolytes exhibit favourable chemical stability and ionic
conductivity, with values ranging from 10~” to 10™* S cm ™" at
room temperature.”'® PVA-based gel polymer electrolytes have
demonstrated potential in flexible solid-state supercapacitors,
exhibiting ionic conductivities of up to 82 mS em™ "' These
properties make PVA an attractive candidate for various energy-
storage applications, including fuel cells and supercapacitors.

Chitosan, a biopolymer derived from chitin, is known for its
biodegradability, non-toxicity, and antimicrobial properties.
This natural polysaccharide consists mainly of glucosamine
and N-acetyl glucosamine residues."” Its distinctive character-
istics are attributed to the presence of free protonable amino
groups along its backbone, which also contribute to its solubi-
lity under acidic conditions.™ Chitosan’s biocompatibility and
biodegradability make it ideal for biomedical applications,
such as tissue engineering and drug delivery. Its antimicrobial
properties are affected by intrinsic, environmental, and
microorganism-related factors."* Also, its application in poly-
mer electrolytes, exhibiting ionic conductivity and film-forming
properties, shows promise in energy storage, providing thermal
stability for batteries, capacitors, and fuel cells.'?

The combination of PVA and CS has been demonstrated to
substantially enhance the properties of solid electrolytes. The
blending of these polymers results in improved mechanical
strength, flexibility, and film-forming capacity in both dry and wet
states.'® PVA-CS blends show improved hydrophilicity and
water uptake, which can be adjusted through polymer ratios
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and cross-linking agents. They also exhibit superior biocompat-
ibility and promote cell attachment and proliferation."” The
addition of salts and plasticizers results in a more amorphous
structure, enhancing the ionic conductivity and electrochemical
performance. These properties make PVA-CS blend electrolytes
promising for applications such as supercapacitors and other
energy storage devices."® A brief literature review is provided in
Fig. 1 to summarize the optimum conductivity of the PVA-CS
system incorporating various proton, magnesium and sodium
conducting electrolytes.'®>°

Sodium perchlorate (NaClO,) is a highly effective ionic
dopant for solid-state electrolytes due to its superior solubility
in hybrid matrices compared to other salts like NaBF,.”
NaClO, is widely used in polymer electrolytes because of its
ability to enhance the ionic conductivity and reduce the crystal-
linity. The addition of NaClO, to polymer blends improves ion—
polymer interactions and increases the number of mobile
carriers.”® The optimal NaClO, concentrations can yield con-
ductivities of up to 10™* S em ™' at room temperature. Compu-
tational studies suggest that NaClO, addition reduces the
energy gap in polymer electrolytes, potentially enhancing ionic
conductivity.*®

The primary objective of this study was to synthesize PVA
and CS solid electrolytes using sodium perchlorate monohy-
drate (NaClO,-H,0) as a dopant and to comprehensively
evaluate their structural, morphological, mechanical, and elec-
trochemical properties. These properties were characterized by
employing various analytical formalisms, including Nyquist
and dielectric formalisms. Furthermore, this study aimed to
assess the efficacy of the synthesized electrolytes by incorporat-
ing them as both electrolytes and separators in EDLCs to
evaluate their performance and potential for practical applica-
tions in energy storage devices.

I (PVA+CS): 40 wt.
[ (PVA+CS): 40 wt.
I (PVA+CS): 40 wt.
[ (PVA+CS): 30 wt.
[ (PVA+CS): 50 wt.
] (PVA+CS): 15 wt.
(PVA+CS): 50 wt.
I (PVA+CS): 10 wt.
[ (PvA+CS): 35 wt.

% NH,NO,
% NH,SCN
% NH,|

% MgCl,

% Mg(NO;),
% Li,CO,4

% H;PO,

% Nal

% NaClO,

Fig. 1 Bar chart summarising the optimum conductivity of the PVA/CS solid polymer electrolytes (SPEs) incorporating proton/magnesium and sodium

dopants.
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2. Experimental
2.1 Chemicals used

Chitosan (CS, exhibiting a minimum deacetylation of 75% and
a viscosity of 200 cP s in a 1% solution) was obtained from Loba
Chemie, polyvinyl alcohol (PVA, M,, = 85000 ¢ mol ™, degree of
hydrolysis = 86%) was sourced from SD Fine Chemicals Pvt
Limited, and sodium perchlorate monohydrate (NaClO,-H,O,
M,, = 140.46 ¢ mol ') was purchased from Merck Life Science,
Mumbai, to prepare the PVA/CS-NaClO,-H,O host matrix. Glacial
acetic acid (M, = 60.05 g mol ') was procured from Merck Life
Science, Bangalore and deionized water was utilized to make 1%
(v/v) acetic acid. The materials employed in fabricating the EDLC
electrodes included activated carbon (AC) from Kuraray-Japan,
carbon black and polyvinylidene fluoride (PVdF) from Alfa Aesar,
and 1-methyl-2-pyrrolidone (NMP) also from Alfa Aesar.

2.2 Polymer blend electrolyte preparation

Electrolyte preparation was performed using a solution casting
technique with 1% acetic acid (v/v) as the common solvent. PVA
and CS polymer blends with a weight ratio of 60:40 respec-
tively, were placed in a beaker with different concentrations of
the dopant NaClO,-H,O (sample compositions are listed in
Table 1). The rationale behind the selection of the polymer
blend ratio was based on research conducted by Arof et al.,*°
which identified this ratio as the most amorphous blend
composition. A higher degree of amorphousness is beneficial
for enhanced ion transport in solid polymer electrolytes, which
is crucial for improving the performance of the supercapacitor.
100 ml of 1% acetic acid was added to this beaker and the
solution was stirred using a magnetic stirrer at 60 °C for 4 h for
the PVA to be completely dissolved. This solution was stirred at
room temperature for 24 h after it had cooled. The homoge-
nous solution was filtered to remove undissolved CS particles,
cast into a polyethylene Petri dish, and kept in an oven at 40 °C
for 3 days until the film was completely dry. The peeled films
were placed in a silica-filled vacuum desiccator until further
characterization. The sample thickness was measured using a
Mitutoyo digital micrometer with a least count of 0.001 mm.
Multiple measurements were taken, and the average values
were reported in Table 1.

2.3 EDLC fabrication

An EDLC device was constructed using an 85 : 15 weight ratio of
activated carbon (AC) (1600 m® g~ ' surface area, BET analysis)

Table 1 Sample designation and thickness
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and carbon black (CB). The AC-CB electrode materials were
mixed with a PVDF-NMP binder to form a slurry, which was
applied to a stainless-steel electrode and dried at 60 °C, result-
ing in a 1 mg active material coating. The polymer electrolyte
with the highest conductivity (PCP35) was placed between the
AC and CB electrodes and the device was characterized using
CV, GCD, and EIS techniques.

2.4 Electrolyte characterisation

2.4.1 FTIR spectroscopy. Fourier transform infrared (FTIR)
spectroscopy examined potential interactions among the pre-
pared sample constituents, including polymer-polymer and
polymer-salt interactions. Using a spectrometer with the atte-
nuated total reflectance (ATR) mode at room temperature,
transmittance spectra were recorded across a wavenumber
range of 500-4000 cm ™' to analyze molecular vibrations and
chemical bonds within the samples.

2.4.2 X-ray diffraction. X-ray diffraction (XRD) patterns of
the solid polymer electrolyte (SPE) films were acquired using a
Rigaku Mini Flex 600 diffractometer with monochromatized Cu-
Ko radiation (4 = 1.5406 A) generated by applying 40 kv and 15 mA
to the X-ray tube. The measurements covered a 20 range of 5° to
90° with a scanning speed of 2° min~" in the reflection mode.

2.4.3 Electrochemical impedance spectroscopy (EIS). The
dielectric response of the SPEs was measured using an impe-
dance analyser (Hioki IM3570, Japan) over a wide temperature
range of 298-373 K and a frequency range of 50 Hz to 4.5 MHz.
To avoid nonlinear effects during the measurements of the real
and imaginary components of impedance (Z’ and Z"), the root
mean square (RMS) voltage was kept at 0.01 V. Complex
dielectric permittivity (¢*) was determined using the following
equation:

& = () —je'(f)
Z// Z/

= _ 1
2nfCo(Z2+ Z'7)  '2nfCo(Z7 + Z77) )

where f is the frequency and C, is the capacitance of the
empty cell.
The complex conductivity, o*(f), was calculated as:

o = ') ~ Jo"() = jorfuole’ — J¢) @)

Here, ¢’ represents the real part, known as the AC conductivity,
and ¢” is the imaginary part of the conductivity. &, is the
dielectric permittivity of free space.

Designation PVA/CS:NaClO,-H,O (Wt% : wt%) PVA/CS (g) NaClO,-H,O0 (g) Thickness (mm)
PCPO 100:0 2.0 0 0.168
PCP5 95:5 1.9 0.1 0.153
PCP10 90:10 1.8 0.2 0.096
PCP15 85:15 1.7 0.3 0.174
PCP20 80:20 1.6 0.4 0.139
PCP25 75:25 1.5 0.5 0.139
PCP30 70:30 1.4 0.6 0.144
PCP35 65:35 1.3 0.7 0.154
PCP40 60:40 1.2 0.8 0.107

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The loss tangent, tan J, which is the ratio of the imaginary to
the real part of the permittivity, was calculated as:

8”
tand = 7 (3)

2.4.4 Scanning electron microscopy (SEM). Surface micro-
images and energy-dispersive X-ray (EDX) spectra of SPE films
were obtained using a SEM with an EDX detector. SEM images
were scaled and magnified to reveal the morphological char-
acteristics of the materials.

2.4.5 Atomic force microscopy (AFM). Topographic images
were produced using an Innova SPM atomic force microscope
(AFM) in the tapping mode with Si (p-doped) cantilevers
exhibiting spring constants of 20-80 N m™' and resonant
frequencies of 250-300 kHz. All the scans were performed at
room temperature. The surface roughness was measured by
computing the RMS height or RMS surface roughness (R,).

2.4.6 Thermal studies. Heating thermograms of the SPEs
were generated in a nitrogen atmosphere at a flow rate of
40 mL min~" using differential scanning calorimetry (DSC) to
assess the thermal properties. The analysis ranged from 30 °C
to 200 °C at a heating rate of 10 °C min '. Approximately
5-8 mg of each sample was placed in an aluminium pan with a
perforated lid and heated in a SHIMADZU DSC-60 PLUS furnace
to produce the thermograms.

For thermogravimetric analysis (TGA), 5-8 mg of samples
were sealed in 40 pL aluminium pans with perforated lids and
heated from 30 °C to 500 °C at 10 °C min~ " using a Hitachi
STA7200 TGA-DTA instrument. The experiments were per-
formed under an argon atmosphere to prevent oxidation and
ensure a controlled environment.

2.4.7 LSV and TNM studies. LSV measurements were car-
ried out at a scan rate of 10 mV s~ ' on a CH600E galvanostat/
potentiostat, with sodium amalgam (Na-Hg) electrodes serving
as both reference and counter electrodes, stainless steel (SS)
electrodes acting as the working electrode, and a SPE posi-
tioned between them.

Transference number measurements (TNM) for all the pre-
pared doped SPE films were conducted at room temperature
using a Keithley 2636 B source meter. SS blocking electrodes
were used in the SS|SPE|SS setup. The TNM experiments lasted
600 s with a data acquisition step size of 0.01 seconds. A
constant potential of 100 mV was applied, allowing current
monitoring over time and providing insights into the electro-
chemical characteristics of SPE films.

The total ionic transference number (t;,,) was calculated
using the following formula:

I
fion = 1— final (4)

initial

The ionic conductivity ;,, was determined from the bulk
conductivity and respective transference numbers using the
following equation:

Oion = Opulk X tion (5)
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2.4.8 Mechanical studies. Mechanical properties were eval-
uated using a Dak System Inc. 7200 series instrument. Test
specimens with thicknesses of 0.1 mm to 0.2 mm were
prepared according to ASTM D880. A crosshead speed of
0.1 mm min ! ensured controlled deformation, which is cru-
cial for accurate measurements of the tensile strength, elonga-
tion, and modulus. Statistical analysis via ANOVA, followed by a
post-hoc test at a 95% confidence level, was used to assess
variations among samples.

2.4.9 EDLC characterisation. Cyclic voltammetry (CV), gal-
vanostatic charging/discharging (GCD), and electrochemical
impedance spectroscopy (EIS) measurements (a frequency
range of 1 MHz to 0.01 Hz) were performed using an SP-
Biologic 150e electrochemistry workstation.

The specific capacitance of EDLC was obtained from
CV using,

[1dv
vmAV

Cy=2x% (6)
The series capacitance was determined by using a two-
electrode system with a factor of 2.
The specific capacitance (Cg) is obtained from the GCD
curve using

C,=4C (7)
where
IAt
T AVm (8)

In this expression, C denotes the EDLC’s capacitance, I is
the discharge current (mA), AV is the effective discharge voltage
and m refers to the combined mass of the active material in
both electrodes. The factor of 4 accounts for the translation of
cell capacitance to a single electrode’s mass and capacitance, as
an EDLC comprises two capacitors (one on each electrode).*'>*

Furthermore, the energy and power densities®® were
calculated using,

_(AV)2C
= 7200 )
3600 x E
P= A (10)

where C, is the specific capacitance (F g ') and At is the
discharge time (s).>>337:3%

3. Results and discussion
3.1 FTIR spectroscopy

Interactions among the various components of SPEs have been
extensively investigated through FTIR spectroscopy. By examin-
ing shifts in the wavenumbers corresponding to the stretching
and bending vibrations of specific bonds, valuable information
on intermolecular interactions can be deduced. The choice of
an appropriate polymer host often hinges on the presence of
heteroatoms with lone-pair electrons (e.g.,, oxygen and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nitrogen). It is well established that chain polymers can dis-
solve certain salts owing to favorable interactions between the
polymer backbone and cations. Such polymers typically incor-
porate electronegative atoms such as oxygen or nitrogen within
their repeating units.*® Previous literature has already
addressed the interaction between PVA and CS.***' The mis-
cibility between CS and PVA was likely due to the formation of
intermolecular hydrogen bonds between the amino and hydro-
xyl groups of CS and the hydroxyl groups of PVA.

The FTIR spectra of the electrolytes, along with that of the
dopant salt, covering wavenumbers from 500 to 4000 cm ', are
displayed in Fig. 2(a), and the corresponding 13 major band
assignments of the PVA/CS blend are presented in Table 2.
Sodium perchlorate (NaClO,) exhibits characteristic infrared
(IR) bands, with the most prominent feature being the strong
absorption band at 1050-1110 cm ' due to the perchlorate

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a) FTIR spectra of PVA/CS-NaClO4-H,O SPEs and NaClO4-H,0O salt and (b) interaction scheme of the dopant with PVA and CS.

ion.”” Additional IR bands for NaClO, include peaks at
930 cm™ Y, 760-825 cm ™%, 630 cm ™', and 460-495 cm ™. *3*
Owing to the overlap of the ClO,” peak at approximately
1070 cm ™" with the C-O peaks of the polymer blend, a notice-
able change in the peak shape of the C-O bending at
approximately 1050 cm ™" and C-O stretching at 1025 cm ™ is
observed.

PVA and CS possess different functional groups such as
O-H, C-O, and NH, attached to the side chains of their
polymer backbones. Determining the presence of complexation
between salt and polymer hosts relies heavily on the movement
of various stretching bands, including C-O, C=O, OH,
O=—C-NHR, and NH,. In systems with two polymer hosts, the
amine band’s location remains relatively stable, showing no
notable shifts.>® Nevertheless, significant shifts were observed
in the positions of the amine, carbonyl, and hydroxyl bands in

Mater. Adv,, 2025, 6, 3149-3170 | 3153
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Table 2 FTIR band assignments of the PVA/CS blend and PVA/CS-NaClO4-H,O SPEs

Wavenumbers of functional groups (cm ™)

Bands PCPO PCP5 PCP10 PCP15 PCP20 PCP25 PCP30 PCP35 PCP40 Ref.
—-OH/NH, stretch 3256 3267 3271 3337 3337 3354 3368 3370 3362 45 and 46
—-CH asymmetric stretch 2945 2946 2942 2942 2949 2942 2946 2950 2952 47

-CH symmetric stretch 2918 2918 2919 2918 2918 2919 2919 2921 2920 48

C=0O stretch of PVA 1712 1711 1711 1711 1711 1710 1710 1710 1711 49
O—C-NHR carboxamide 1641 1641 1642 1632 1631 1632 1632 1632 1631 50 and 51
-NH, bending 1548 1553 1553 1551 1552 1552 1555 1553 1552 52

—-CH stretch 1410 1411 1412 1412 1412 1413 1413 1413 1413 50

-OH bending 1378 1377 1377 1378 1378 1378 1378 1378 1378 53

C-H stretch of PVA 1257 1258 1262 1264 1268 1268 1270 1270 1271 54

C-O bending 1068 1071 1073 1069 1069 1071 1074 1073 1070 55

C-O stretch of CS 1024 1025 1027 1028 1027 1032 1034 1025 1022 56
Skeletal vibrations of PVA 946 946 948 946 949 949 934 934 934 57

CH rocking 829 829 834 815 822 826 817 829 837 58

this study, suggesting that complexation took place at both
oxygen and nitrogen atoms within the blends.

The wide spectral band spanning from 3200 cm™
3550 cm ™' can be associated with the combined stretching
vibrations of N-H and O-H groups. These vibrations arise from
hydrogen bonding interactions, both intermolecular and intra-
molecular, within the PVA/CS structure.®® This band varies
from 3256 ecm~ ' to 3362 cm ', indicating the interaction of
Na' ions with the ~OH group and/or the NH, group of PVA/CS.
According to previous studies, the amino groups (-NH,) and
hydroxyl groups (-OH) in chitosan are the main sites for
coordination with metal ions. These groups can form stable
complexes with metal ions through coordination bonds.

Sodium ions form preferential bonds with both the amino
and hydroxyl groups of chitosan simultaneously. This inter-
action disrupts some of the inherent hydrogen bonding
between the amino and hydroxyl groups within the chitosan
molecule.’™** The interactions between the Na* ions and PVA
functional groups involve the rupture of multiple H-bonds
between the -OH groups of the polymer chains.®® This bond
breaking and new bond formation lead to the suppression of
crystallinity by preventing the reorganization of the polymer. In
addition, the wavenumber corresponding to the carboxamide
group varied from 1641 cm ' to 1631 cm ', indicating an
interaction between the Na” and C=0 groups of carboxamide.

Several CH bands showed significant variations with the
addition of salt. The CH rocking wavenumber varied from
829 cm™! to 837 cm™?, the CH stretch of PVA varied from
1257 ecm™ ' to 1271 cm™ !, and the CH asymmetric stretch varied
from 2945 em™" to 2952 cm™ " All these variations indicate the
interaction of the ClO,” anion with the CH group of PVA/CS
through hydrogen bonding. The CH-O hydrogen bond, though
weak, plays a crucial role in stabilizing the crystalline structure of
polymers, thereby influencing their physical properties.”* Thus,
FTIR studies confirmed the interactions between the salt and
polymer matrix. All the possible interactions are shown in Fig. 2(b).

! to

3.2 X-ray diffraction

X-ray diffraction was used to assess the crystallinity of the
blended membranes. The impact of dopant concentration on

3154 | Mater. Adv,, 2025, 6, 3149-3170

the crystallinity of the SPEs is depicted in Fig. 3(a). Generally, a
polymer with crystalline regions will exhibit sharp X-ray diffrac-
tion peaks with high intensities, while the X-ray diffraction
peaks for an amorphous polymer will be broader.®® The biopo-
lymers PVA and CS were semi-crystalline in nature, each
displaying characteristic peaks. PVA has a broad halo centered
at 260 = 19°,*%°7 while CS shows peaks at 10°, 19°, and 22°.%°
Multiple prior investigations revealed that combining PVA with
CS resulted in the merging of characteristic peaks, which
centered at 20 = 19.6°. The observed shift and consolidation
of the blend’s peak position, when compared to the reported
locations of the individual polymers, can be attributed to
hydrogen bond formation between reactive functional groups
in the blended chains. This positional change suggests com-
plete compatibility between the two polymers.®*®”

With the addition of the salt, the intensity of the character-
istic peak at 20 = 19.6° decreased, along with a reduction in the
halo portion of the peak corresponding to the PVA/CS
membrane. Additionally, the intensity of the diffraction peak
at 20 = 11.52° also diminishes as the salt concentration
increases indicating reduction in the crystalline phase of the
SPEs.®® The addition of salt to polymer electrolytes initially
suppresses crystallinity by disrupting polymer chain organiza-
tion and promoting amorphous regions.®® Salt ions complex
with polymer chains, altering their conformation and hinder-
ing crystallization.”® The reduction in the crystalline phase in
this system primarily results from the coordination/hydrogen
bonding interactions between PVA-CS polymer matrix and the
Na salt, as indicated by FTIR studies. This process alters the
microstructural nature of the blend composites, shifting from
crystalline to amorphous characteristics as the salt concen-
tration increases from 5 wt% to 35 wt%. The suppression of
crystallinity generally improves ionic conductivity by enhancing
polymer chain mobility.”* However, at higher salt concentra-
tions (40 wt%), crystallinity increased due to ion clustering and
reduced polymer mobility.””

The Hermans-Weidinger method is a widely used method
for determining the degree of crystallinity in polymers using
X-ray diffraction.”® The method involves separating crystalline
and amorphous scattering contributions.”* Accordingly, from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

the deconvoluted XRD spectrum (Fig. 3(b)), the crystallinity (y)
is calculated using eqn (11)

area under crystalline peaks

= Sum of area under crystalline and amorphous peaks

x 100% (11)
The process involved in the XRD deconvolution is already
reported in our previous works.”>’® The crystallinity of pure
blend PVA/CS is 14.94%, which is close to the reported value.””
The value of y decreases, reaching a minimum of 3.59%, as the
NaClO, content increases up to 35 wt%, due to the enhanced
amorphousness of the SPEs. The ions can easily move through

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) XRD spectra of PVA/CS-NaClO4-H,O SPEs and (b) deconvoluted XRD patterns of PVA/CS-NaClO4-H,O SPEs.

the polymer matrix because the amorphous phase has a low
energy barrier, which in turn enhances ionic conductivity.”®
Hence, PCP35 was found to be the optimum conducting
sample. However, the y value is found to increase for PCP40,
possibly due to the onset of salt aggregation caused by ion
overcrowding at higher salt concentrations. The polymer host’s
inability to accommodate the excess salt leads to ion
recombination,”® which in turn reduces the ionic conductivity.

3.3 Electrochemical impedance spectroscopy

Fig. 4 shows Nyquist impedance plots of the prepared SPEs. The
Nyquist plot illustrates the relationship between the real and
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Fig. 4 Nyquist plot of PVA/CS-NaClO4-H,O SPEs (inset: equivalent circuit

imaginary components of impedance, utilizing data obtained
across multiple frequencies. For the pure PVA/CS blend (PCPO0),
this plot manifests as a suppressed semicircle. In contrast, the
Nyquist plots of samples ranging from PCP5 to PCP30 exhibit
two distinct features: a compressed semicircular region at
higher frequencies and an angled linear portion at lower
frequencies, consistent across all samples examined. The
Nyquist plot of PCP35-PCP40 reveals an inclined spike. The
pure PVA/CS blend (PCP0) displayed only a semicircle owing to
the absence of ions. However, in PCP5-PCP30, a spike emerges
alongside the semicircle, which is attributed to ion movement
at the electrode-electrolyte interfaces and within the bulk. The
lack of a high-frequency semicircular region in PCP35 and
PCP40 suggests that ions primarily contribute to conductivity.
In contrast, the observed peak in the low-frequency range
is associated with the electric double-layer capacitance occur-
ring at the blocking electrodes.®® As the salt concentration
increased, the Nyquist plot evolved from a semicircular pattern
(PCPO) to a semicircle with a spike (PCP5-PCP30), and even-
tually to an inclined spike (PCP35-PCP40). This progression
indicates an enhancement in the ion transport properties of
the SPEs.

3156 | Mater. Adv, 2025, 6, 3149-3170

obtained through EEC analysis used to fit the Nyquist plot).

The ionic conductivity of the SPE was calculated using the
following equation:

d

where d is the thickness of the SPE thin film, S is the area of the
electrodes in contact with the SPE film, and R} is the bulk
resistance. An electrical equivalent circuit (EEC) model is fre-
quently employed to interpret the characteristics of the Nyquist
plots. This method is preferred because it is straightforward,
efficient, and offers a comprehensive overview of the behavior
of the system. The bulk resistance Ry, of the SPE is one of the
parameters that can be determined from the electrical equiva-
lent circuit (EEC) analysis.

As illustrated in Fig. 4, the Nyquist plots of actual electrolyte
systems frequently diverge from the ideal Debye response.
These plots often exhibit distorted or flattened semicircles,
along with slanted or curved spikes. Such deviations can be
attributed to several factors, including variations in the thick-
ness and structure of the polymeric film, as well as the uneven
nature of the electrode surface.®' The deviations in the Nyquist
plot can be corrected by replacing the capacitor in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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equivalent circuit with a constant phase element (CPE). A
CPE is a leaky capacitor with an impedance defined by

k
Zcpg = ———, where 0 < p < 1. When p = 0, the impedance

(jo)’

Zcpg is frequency independent and k = R and the CPE acts as a

. k L . .
pure resistor. When p = 1, Zcpg = —, which implies that with
Jo

1
k™' = C, the CPE acts as a pure capacitor with impedance e
Jjo

When 0 < p < 1, the CPE acts as an intermediate between a
resistor and a capacitor.®” The EECs used to fit the Nyquist plot
are shown in the inset of Fig. 4.%°

The impedance of the equivalent circuit for PCPO is given by
eqn (13)

Ry
7 =7 (-7 = — >
+]( ) 1+Rbk|71(jw)p‘

(13)

Simplifying eqn (13) and equating the real and imaginary
parts yield eqn (14) and (15), respectively.

Ry + R ki~ cos (%)

7' = (14)
1 + 2Rpk; w1 cos (%) + Rk~ 2w
Ry kLo sin <@>
-7 = 2 (15)

1+ 2Rkl cos (%) + Rk~ 22

The impedance of the equivalent circuit for PCP5-PCP30 is
given by eqn (16).

Ry k>
Z5— 7 L i(—7") =
HEZ) = R Gy | o

(16)
Simplifying eqn (16) and equating the real and imaginary
parts yield eqn (17) and (18), respectively.
27 —1,p s
Ry + Ry ky a}"cos( 7 )

1+ 2Rbk1"w1’1 Ccos (%) + szkrz(uzl’l

w2
o’ (7)
sz e

7' =

+ (17)
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szkflwl’l sin (@>
7" = - 2
1 + 2Rpk; 1wl cos (%) + Rk~ 2?1
()
—_— 18
+ ko~ lor2 ( )

The impedance of the equivalent circuit for PCP35-PCP40 is
given by eqn (19).
ks
(Jo)r

7t =7"+j(-Z") = Ry + (19)

Simplifying eqn (19) and equating the real and imaginary
parts yield eqn (20) and (21), respectively:

cos <“§2)
! —
Z' =Ry + T o (20)
sin (—nm)
7211 — 2 21
ko~ lpr2 ( )

The above equations were used to fit the Nyquist plots to
find out Ry, and o of the SPEs and are listed in Table 3.

Table 3 displays the DC conductivity values of the prepared
electrolytes, which are essential for electrochemical energy
storage systems, such as supercapacitors and batteries. Accord-
ing to the literature, the ideal conductivity at room temperature
for these systems is around 107> to 107° S cm™'. Table 3
demonstrates that the addition of salt enhanced the conductiv-
ity of the SPEs. The introduction of NaClO, into the biopolymer
matrix substantially improves its ionic conductivity by elevating
the quantity of mobile ions, as the doping salt serves as the
primary origin of charge carriers. A remarkable increase in
conductivity by approximately four orders of magnitude
((5.23 + 0.27) x 10°* S em™ ') upon the addition of 35 wt%
NaClO, is observed, making it suitable for energy device
applications. However, higher salt concentrations (40 wt%
NaClO,) can lead to ion re-association, while lower concentra-
tions limit the number of dissociated ionic carriers, restricting
conductivity in both scenarios.

The direct current (DC) conductivity of the electrolyte system
can be expressed by the following equation:

o = nep (22)

Table 3 Variation in bulk resistance Ry, bulk conductivity ¢ at 25 °C, dc conductivity from ac conductivity o4c, Jonscher's power law fitting parameters s,
and conductivity relaxation time t along with its regression coefficient R? for PVA/CS-NaClO,4 SPEs

Sample R, (Q) ¢ (Sem ") at 25 °C G4e (Sem™) s 7 (s) R®

PCPO 480000 + 7500 (1.43 +£ 0.26) x 10°° (471 £ 111) x 10°° 0.90 + 0.01 — 0.99
PCP5 54900 + 540 (9.80 £ 0.09) x 107° (1.57 £ 0.14) x 1077 0.85 £ 0.01 — 0.99
PCP10 8160 + 200 (4.13 £ 0.10) x 1077 (4.26 + 0.16) x 1077 0.79 £ 0.01 3.56 x 10~* 0.99
PCP15 3430 + 22 (1.79 £ 0.01) x 10°° (1.61 £ 0.03) x 10°° 0.72 £ 0.01 113 x 10°* 0.99
PCP20 4492 £ 7.5 (1.09 £ 0.01) x 1077 (9.49 £ 0.10) x 10°° 0.76 £ 0.01 1.00 x 1077 0.99
PCP25 133.7 + 1.3 (3.67 £ 0.03) x 1077 (3.50 £ 0.02) x 1077 0.86 + 0.02 2.52 x 10°° 0.99
PCP30 100.5 £ 1.2 (5.05 £ 0.05) x 10~° (4.69 £ 0.03) x 1077 0.90 £ 0.03 2.56 x 107° 0.98
PCP35 10.43 + 0.51 (5.23 £ 0.27) x 10" (1.27 £ 0.59) x 10°* 0.17 £ 0.05 — 0.95
PCP40 11.8 + 1.4 (3.23 £ 0.37) x 107* (1.97 £ 0.03) x 107* 0.53 + 0.05 — 0.98

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Variation of transport properties such as n, u and D as per the S-G
model for PVA/CS-NaClO,4 SPEs.

where n represents the concentration of carrier ions, e is the
ionic charge, and p is the mobility of the carriers. To under-
stand the factor influencing the conductivity, the transport
parameters have been studied using the Schutt & Gredes (S-G)
model.?* According to the S&G model, the movement of charge
carriers within the polymer matrix is driven by an electric field
and the carrier concentration is given by

4
o
(73808/ wx) (8@080/613 T)

n= P (23)

In eqn (23), o represents the DC conductivity, kg is the
Boltzmann constant, ¢, is the vacuum permittivity, and d is

View Article Online
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the sample thickness. Here, ¢,, denotes the real part of per-
mittivity in the high-frequency region and w, stands for the
angular frequency, where ¢'(w,) = 10¢,.

The variation in the transport parameters as per the S-G
model is illustrated in Fig. 5. The initial increase in conductiv-
ity from 5 wt% to 20 wt% salt concentration is primarily
attributed to a sharp rise in carrier concentration, resulting in
a significant conductivity enhancement. However, for 25 wt%
and 30 wt%, the conductivity shows only a minor increment,
which aligns with a relatively small increase in carrier concen-
tration. This also coincides with a reduction in crystallinity,
improving ion mobility. At higher concentrations (35 wt% and
40 wt%), the carrier concentration continues to increase, but
mobility and diffusion coefficients begin to decrease due to
ion-ion interactions and collisions caused by the overcrowding
of free ions, leading to saturation or slight reduction in overall
conductivity. Additionally, the trend of real permittivity (')
follows a similar pattern to that of carrier concentration,
supporting the relationship n oc ¢'. Based on these findings,
it can be inferred that the carrier concentration () has the most
dominant influence on dc conductivity, compared to the mobi-
lity or diffusion coefficient.

3.4 AC conductivity and tangent loss

Fig. 6(a) shows the AC conductivity spectra of the PVA/CS-
NaClO, SPEs at room temperature. The red solid line indicates
the Jonscher fit, which is a common model used to describe the
AC conductivity of disordered solids and amorphous materials.
According to the Jonscher fit, the AC conductivity of the
material increases with a higher frequency. The increase in
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Fig. 6

(a) AC conductivity of the PVA/CS-NaClO, SPEs at room temperature (Jonscher's fit is given as a red solid line). (b) AC conductivity of the

optimum conductivity sample for various elevated temperatures. (c) The tangent loss plot of PVA/CS-NaClO,4 SPEs at room temperature.
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AC conductivity with frequency is a typical behavior of dis-
ordered materials, where the conductivity increases owing to
hopping conduction mechanisms at higher frequencies. For all
salt concentrations, AC conductivity increased with increasing
frequency. However, the increase in the conductivity was gra-
dual and less pronounced at low frequencies (f < 10°> Hz). At
higher frequencies (f > 10 Hz), the conductivity increased
more steeply, indicating enhanced charge carrier dynamics and
hopping conduction mechanisms. As the salt concentration
increased from 0 wt% to 35 wt%, the AC conductivity also
increased. Higher salt concentrations provide more charge
carriers (ions), which enhances the overall conductivity of the
material.
Jonscher’s law is given by,

0de(®) = 04c + B0’ (24)

where o4, is the DC conductivity, B is a pre-exponential factor, o
is the angular frequency, and s is the frequency exponent (0 < s
< 1). This law applies only to the mid-frequency plateau and
high-frequency dispersion regions, excluding the low-frequency
dispersion region. The fit shows good agreement with the
experimental data, indicating that the AC conductivity behavior
follows a universal power law. The fitted parameters are listed
in Table 3. With an increase in salt concentration, the low-
frequency dispersion region becomes more prominent, imply-
ing a substantial increase in free carriers with salt concen-
tration. Fig. 6(b) shows the AC conductivity spectra at high
temperatures for the optimally conducting sample from 303 K
to 353 K. The plot shows an increase in the AC conductivity with
increasing temperature. Higher temperatures resulted in
higher conductivity, indicating thermally activated conduction.
A peak in the conductivity was observed, which shifted slightly
with increasing temperature. The conductivity decreased shar-
ply after the peak, and the decrease was more significant at
higher temperatures. This peak does not imply any physical
relaxation mechanisms but rather arises owing to high-
frequency noise. This suggests that high thermal energy
enhances the mechanisms that cause the reduction in con-
ductivity, attributed to enhanced conduction losses that inhibit
charge movement at these frequencies.®>*® Because the AC
spectra do not exhibit high-frequency dispersion, Jonscher’s
power-law fitting is not possible as the fit diverges.

Fig. 6(c) illustrates the loss tangent (tan ) as a function of
frequency, indicating that each sample exhibits a single relaxa-
tion peak. This asymmetrical peak is attributed to the conduc-
tivity relaxation in the prepared SPEs. Additionally, modifying
the concentration of NaClO, caused the relaxation peak to
move toward higher frequency ranges. The corresponding
relaxation time (t) was obtained using the following relation-
ship:

1
T 2o

(25)

The results obtained for 7 are presented in Table 3. The data
show a reduction in 7, which indicates faster ionic dynamics
within the SPE system.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.5 Dielectric analysis

Fig. 7(a) and (b) depict the variations in the real (¢/) and
imaginary (¢”) parts of the dielectric permittivity at ambient
temperature for the prepared samples. Log-log scaling is
favoured for analysing dielectric spectra because it facilitates
the identification, separation, and quantification of distinct
contributions to the complex dielectric function. These con-
tributions include the rotational and translational diffusion of
ions/electrons as well as charge separation at the interfaces,
each exhibiting unique spectral characteristics. Relaxation pro-
cesses are characterized by a peak in the ¢&” plot and a pro-
nounced step-like decrease in the ¢ plot with increasing
frequency. In contrast, conduction phenomena are character-
ized by an increase in ¢’ as frequency decreases. When con-
duction is purely ohmic, ¢ remains steady across all
frequencies. However, in polymeric materials, non-ohmic con-
duction or polarization effects lead to a rise in ¢ at lower
frequencies.’” Hence at ambient temperatures, the real and
imaginary parts of permittivity show two regions - the electrode
polarization (EP) region and the dc conductivity region. ¢” for
prepared SPEs at ambient temperature does not show any
secondary relaxations. At extremely high frequencies, the ions
cannot keep pace with the rapidly changing applied electric
field, leading to a sharp decrease in both the real (¢/) and
imaginary (¢”) components of the dielectric permittivity. The
high dielectric permittivity observed at low frequencies can be
explained by the creation of an electrical double layer at the
electrode-electrolyte interface, suggesting the existence of
freely moving ions within the system. This correlation is further
substantiated by the following equation

U
n = np eXp 7@

where n represents the carrier concentration, kg is the Boltz-
mann constant, and U represents the salt dissociation energy.
Among the samples tested, PCP35 exhibited the greatest dielec-
tric constant at lower frequencies, suggesting that it contained
a higher concentration of free ions compared to the other
specimens.

The temperature-dependent plots of ¢’ and ¢” for the PCP35
sample are presented in Fig. 7(c) and (d). Both ¢’ and ¢” exhibit
an increase with rising temperature due to the generation of
additional free ions. Specifically, as sufficient energy becomes
available, the salt dissociates into free Na" and ClO, ions,
thereby enhancing the number of free ions within the system.

Dielectric spectroscopy is a robust technique for investigat-
ing relaxation phenomena arising from the rotational motion
of molecular dipoles. Such motion, which can involve entire
molecules or specific molecular segments, is examined by
analyzing the dielectric response. When the frequency (f) of
the applied electric field matches the dipoles’ reorientation
time (1), the complex dielectric function exhibits a character-
istic trend: the real part (¢') decreases in a step-like manner,
while the imaginary part (¢”) shows a pronounced peak. Our
research revealed a comparable peak in the &’(f) of PCP35,

(26)

Mater. Adv., 2025, 6, 3149-3170 | 3159


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00107b

Open Access Article. Published on 10 April 2025. Downloaded on 1/18/2026 2:14:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances
PCP0 o PCPO
(@) 1051 PCP5 O PCPS
PCP1 A PCP10
" PCP1 v PCP15
10% 5 PCP2 < PCP20
PCP2 <l PCP25
<~ . 10%- PCP3! > PCP30
W PCP3 O PCP35
5 PCP4 % PCP40
104
10" Eiectroa - =
ectrods DC Conductivity Electrode
polarisation polarisation
102 10® 10* 10° 10% 107 102 10  10* 10° 10° 107
Frequency (Hz) Frequency (Hz)
(c) (d)
106 PCP35 101
S
10° 1 16
< q04] © 3K _ 10 o
w ° 1 > 383K “w >
<4 353K 1034 4
10°4{ ¢ 343K <o
v 333K 10 v
102] & 32K A
1 o 313K & 101.I o Secondary
\ O 303K 3 o 303K Relaxation
10 : . : : 107 e :
102 10° 10* 10° 102 10® 10* 10° 10° 107

Frequency (Hz)

Frequency (Hz)

Fig. 7 Variation in (a) ¢’ and (b) ¢” for PVA/CS-NaClO4 SPEs and (c) ¢’ and (d) ¢” at elevated temperature for the optimum conductivity sample PCP35.

indicating secondary elevated

temperatures.

relaxation occurring at

3.6 Scanning electron microscopy

SEM analysis was employed to detect phase separation and
interfaces, aiming to evaluate the compatibility among various
components in the blend polymer electrolytes. SEM micro-
graphs at 5kx magnification of the present system are shown
in Fig. 8. The SEM images reveal that the surface of the samples
is smooth and homogeneous, with no evidence of phase
separation.®® However, the samples showed an improvement
in surface smoothness (see AFM section) up to 35 wt% of
dopant. The improvement in surface morphology with increas-
ing salt content is attributed to the high dispersion of salt
within the polymer matrix, leading to improvement in amor-
phous nature.®*>° The evolution of a smoother morphology
with increasing salt content is accompanied by a corresponding
increase in ionic conductivity.”! At a high salt content (40 wt%),
there is a decrease in conductivity and increase in surface
roughness (see the AFM section). At higher salt concentrations,
ion reassociation was more favorable and led to an increase in
the surface roughness. A. K. Arof and coworkers®® prepared
PVA/CS-NH,NO; SPEs and observed a drop in DC conductivity
at higher salt concentrations (40 wt%, 50 wt% and 60 wt%).
They noted that the ion aggregates protruded from the surface.
However, in the current study, no significant salt aggregation
was observed on the membrane surface, even at high salt
concentrations. This is because of the lower lattice energy of

3160 | Mater. Adv, 2025, 6, 3149-3170

the NaClO, salt used in this work compared to that of NH,NO;.
A lower lattice energy tends to result in less salt aggregation in
the polymer matrix at higher concentrations. This was due to
the better dissociation and solvation of the ions. On the other
hand, higher-lattice-energy salts tend to aggregate more
because of stronger ionic interactions and insufficient dissocia-
tion in the polymer environment. A similar observation has
been reported elsewhere.”” Therefore, the cause of the
increased surface roughness might be the “onset of salt aggre-
gation”, and in turn, higher doping levels (over 40 wt%) could
result in the salt protruding from the surface of the film.

3.7 Atomic force microscopy

AFM primarily utilizes two operational modes: contact and
tapping. In the contact mode, the probe remains near the
sample, functioning within the repulsive force region. The
tapping mode involves the cantilever oscillating near its reso-
nance frequency above the sample surface, briefly touching it
during each oscillation. The latter mode is preferable for
examining sensitive samples due to reduced lateral forces and
has been extensively employed in various polymer studies. The
tapping technique’s gentler approach makes it particularly
well-suited for analyzing delicate materials.®®> The morpholo-
gies of PCP0, PC35, and PCP40 were examined using AFM.
Fig. 9 shows 2D and 3D AFM images of the selected samples in
a scanning area of 5 um x 5 um. Based on topographic analysis,
the RMS roughness values were calculated as 7.06 nm for PCPO,
6.49 nm for PCP35, and 23.6 nm for PCP40 SPEs. The addition

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00107b

Open Access Article. Published on 10 April 2025. Downloaded on 1/18/2026 2:14:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

BT = 10,00/ Sigual A= SE1 Oata 17 0et 2023

W0 = 85 Mg =

View Article Online

Paper

BT 1000k Signei A= SE1 Date 170612023
500Kx Time 172358 Wo= 90mn Mag= 500KX Tims 174523

ENT = 10.00 MV Sgeal A= 581 Oata 1702023
W0 = 90mm Mwgs SO0KX Tire 178625

OIT= 1000kV. ‘Sgrat A= 561 Oste 17 Oct 2023
Mage 500 KX T 221608

BT = 1000KV Sgrwi A SE1 Oute 17 0t 2023

Sig
WO 80 Mag= 500KX Teve 222900 Mag =

A= 51 Dste 17 02023

EHT= 100KV Ggrar A = 5E1 Oute 1703 pE—
600 KX Troe 223613

WO = 98mm Mog= BOOKX Time 224030

Fig. 8 SEM micrographs of PVA/CS-NaClO4-H,O SPEs.
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Fig. 9 (a) 2D and (b) 3D AFM images of selected PVA/CS-NaClO4 SPEs.
of salt transformed the semicrystalline structure of PCPO into

an amorphous one. This transformation is demonstrated by the
reduction in the peak height of mountain-valley formation

© 2025 The Author(s). Published by the Royal Society of Chemistry

‘ 5pm Svm

from 37.8 nm to 28.0 nm for PCP35. This improvement in the
surface homogeneity might result in better contact between the
electrode and electrolyte, leading to enhanced performance of
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the electrochemical device.”* The increased surface roughness
and maximum height (54.4 nm) of PCP40 imply the onset of
ion-pairing, depicted as bright mountain regions in the AFM.®

3.8 Thermal analysis

The DSC thermograms of the current polymer system depicted
in Fig. 10 show two regions in the temperature range of RT-
250 °C. A broad endotherm from RT to 100 °C indicates the glass
transition region and an exothermic region beyond 200 °C
indicates the decomposition region of the electrolytes. Ty is found
out using the midpoint of the step transition (Fig. S1, ESIt).

A single T, is found across all compositions, indicating the
miscible nature of electrolytes. The non-linear variation in the
T, coupled with the absence of melting endotherm indicates
the increased amorphous nature of the samples with doping.
This non-linear variation can be attributed to the “ion-dipole
interactions” resulting from the interaction of the ions of the
salt with functional groups in the host blend matrix.”® The
decreased T, of the optimum conducting sample PCP35 with
regard to the pristine blend PCPO indicates the plasticizing
effect of the salt.””

The thermal properties of the pure and doped polymer films
were studied using TGA to examine the mass loss percentage,
phase transitions, and decomposition temperature. Fig. 11
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Fig. 10 DSC thermograms of PVA/CS-NaClO4 SPEs.
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shows the TGA and DTG curves of the prepared electrolytes,
and the weight percentages are listed in Table 4.

Analysis of the TGA and initial DTG curves reveals that the
SPE film undergoes multiple stages of decomposition, regard-
less of salt content. Within the temperature span of 30 °C to
120 °C, a mass reduction of about 5-9% is observed. This
decrease can be attributed to either the vaporization of acetic
acid solvent or the release of water molecules that were either
bound to or adsorbed by the samples.”® Here, the water
molecules are primarily bonded to the amine or hydroxyl
groups present in the polymer blend, which can easily detach
in this temperature range.”® The second degradation stage
occurs between 180 °C and 237 °C because of the chain scission
of the polymer backbone and the breaking of bonds between
the dopant and the polymer backbone. The final degradation
stage occurs between 350 °C and 500 °C, with a mass loss of
approximately 20% due to the loss of the remaining char. The
major decomposition temperature Ty is found to decrease with
increasing dopant. The complex formation between the poly-
meric system and dopants is reflected in the observed displace-
ment of the decomposition peak.'” For the salt-doped
samples, a three-stage decomposition was seen for PCP5-
PCP20, whereas for the higher salt concentration sample
(PCP25-PCP40), the decomposition stage was reduced to two
stages. The degradation of the perchlorate anion in polymers
leads to by-products such as chlorine, oxygen, etc, which can
further degrade the polymer stability.'®" At higher salt concen-
trations, perchlorate decomposition was dominant, leading to
vigorous decomposition of the polymer, reducing the three-
stage process to a two-stage process. However, the Ty is higher
than 150 °C, which is sufficient for the safe operation of these
electrolytes in energy devices.

3.9 LSV and TNM studies

The quantitative assessment of the voltage stability range or
electrochemical stability window (ESW) for SPEs can be achieved
through linear voltammetry. The LSV plot of the sample with
optimal conductivity is illustrated in Fig. 12. The voltammograms
display linear characteristics with minimal current, indicating the
ESW of the SPEs. A sudden increase in current within a specific
voltage range signifies an unsafe operational region for the cell.
The PCP35 SPE demonstrates an ESW of 2.6 V, which is sufficient
for implementing a prototype EDLC cell.

The ionic conductivity in an electrolyte medium is facilitated
by charge carriers, including cations, anions, and electrons.
This conductivity is crucial for the effective operation of elec-
trochemical devices that utilize the electrolyte. The suitability
of prepared electrolytes for applications is determined by the
ratio of specific charge carriers. This study conducts a measure-
ment of the total ion transport number (t,,) to assess the
overall ionic contribution to conductivity. Fig. S2 (ESIT) shows a
plot of the polarization current against time for the electrolyte
membranes using Wagner’s DC polarization technique, as
described in the literature. The abrupt decrease in the polariza-
tion current over time suggests that the fabricated electrolytes
were ionically conducting. The quantitative estimation of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 TGA and DTG thermograms of SPEs.
Table 4 Variation of T4 and % mass loss for prepared electrolytes 0.6
Major decomposition PCP35
Sample temperature T4 (°C) % weight loss 0.5
PCPO 248 62.54
PCP5 214 64.09 —~ 0.4
PCP10 213 69.81 <
PCP15 212 70.68 g
PCP20 213 59.24 w 0.3
PCP25 222 86.87 S )
PCP30 223 91.23 = 0.2 &
PCP35 221 93.43 =T
PCP40 221 93.66 o
0.1-
total ions (¢;,,,) within the fabricated electrolyte membranes can 0.0
be performed by measuring the initial current (i,) and satura- : : .
tion current (i5) values from the polarization current versus 0 1 2 3 4

time plots.

The ion transport numbers and ionic conductivity are tabu-
lated in Table S1 (ESIt). The t;,, values of these SPE films were
found to be close to unity (>0.97), indicating that the opti-
mized electrolyte specimen is predominantly ionic in nature,
contributing almost entirely to the ionic conductivity and ion-
transport behavior. The results obtained in this study align with
other investigations that assess the overall ion transport num-
ber in electrolyte systems based on sodium.'*'%?

3.10 Mechanical studies

The mechanical strength of solid electrolytes is a critical
characteristic that must be ensured to prevent puncturing by

© 2025 The Author(s). Published by the Royal Society of Chemistry

Potential vs Na/Na* (V)
Fig. 12 The current vs. time plot of the PCP35 SPE.

sodium metal dendrites. The mechanical properties of the solid
polymer electrolyte membranes, as determined by using a
tensile testing machine, are shown in Fig. 13 and Table S2
(ESTY).

The mechanical properties of polymer electrolytes are
significantly influenced by the salt concentration. An increase
in the salt content generally leads to a decrease in the elastic
modulus and tensile strength.'® The same was true for the
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Fig. 13

current study. The decrease in mechanical strength can be
attributed to the coordination between polymer chains and salt
ions at the intramolecular level. This interaction confirms that
the addition of salt enhances the amorphous phase of the
material.'® Moreover, the values for elongation at break rise
as salt concentration increases, indicating stronger molecular
interactions within the polymer film."*®

4. EDLC characterization

4.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a common technique for assessing
capacitive behavior and distinguishing between non-faradaic
and faradaic reactions. Initially, CV measurements were con-
ducted at a scan rate of 5 mV s ' across several voltage
windows, as shown in Fig. 14(a). The cell exhibited a stable
behavior up to 1 V. Beyond this range, distortions appear,
leading to the selection of 0-1 V as the optimal voltage window.
Subsequently, CV scans were performed at various scan rates
(5-100 mV s ') within a 0-1 V window, as shown in Fig. 14(b).
CV graphs show a nearly symmetrical shape, which reflects a
mirror-like current response around the zero line. This sym-
metry is indicative of electric double-layer capacitance for-
mation at the interface, confirming non-faradaic behavior."*”
The absence of redox peaks in the CV profiles indicates a lack of
faradaic (charge transfer) processes in the EDLC. As the char-
ging process occurs, positively charged ions move towards the
negative electrode, while negatively charged ions travel to the
positive electrode. A powerful electric field maintains the ions
within the electrolyte and electrons at the electrode. This

3164 | Mater. Adv., 2025, 6, 3149-3170
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(a) Stress—strain graph and (b)—(d) variation of the mechanical parameters for PVA/CS-NaClO,4 SPEs.

results in the creation of a double-layer charge on the surface
of the carbon electrode, where energy is stored in the form of
potential energy."®”

Furthermore, as shown in Fig. 14(b), deviations from the
ideal box-like shape are caused by the internal resistance and
porosity of the carbon electrodes, leading to current-dependent
potentials. The CV shapes observed in this study closely resem-
ble those reported by Lavall et al.,"*® suggesting that charge and
discharge processes in these EDLCs are nearly reversible at the
electrode/polymer electrolyte interface. Notably, the CV curve’s
shape transformed from leaf-like to more rectangular as the
scan rate was reduced, primarily due to electrode characteris-
tics. The CV’s inability to achieve a perfect rectangular form
can be attributed to variations in internal resistance and
porosity.'

The specific capacitance (Cs) values at each scan rate were
calculated from the CV curves using eqn (6) and are presented
in Table 5, with the highest value recorded at a low scan rate,
which gradually decreased as the scan rate increased. At a low
scan rate, a stable double-layer charge forms owing to ion
adsorption at the interfacial region, which explains the nearly
perfect plateau observed. This occurs because a thick diffuse
layer builds up, leading to reduced ohmic resistance. Conver-
sely, at a high scan rate, a thinner diffuse layer formed,
resulting in a lower capacitance.'*®

CV can also be used to assess the stability and performance
of an electrochemical cell over time, including the evaluation of
the long-term stability of an EDLC after 5000 cycles, as shown
in Fig. 14(c). CV analysis was performed after the device
completed 5000 cycles, with the results indicating a minimal
change in the specific capacitance, as shown in Table 5. This

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Cyclic voltammetry of the EDLC device at different potential windows (inset: schematic diagram of the EDLC device). (b) Cyclic voltammetry

of the EDLC device at different scan rates. (c) CV after performing the cycling test for 5000 cycles. (d) GCD of the EDLC at different current densities.
(e) Nyquist plot of the EDLC before cycling, and (f) Nyquist plot of the EDLC after cycling.

suggests that the EDLC maintains good stability even after
extensive cycling.

4.2 Charge-discharge of the EDLC

The GCD technique was employed to evaluate the charge-
discharge process of the EDLC. Fig. 14(d) shows the
charge-discharge profile of the EDLC with a carbon
electrode and electrolyte system. The linear discharge slope
confirms the capacitive behavior of the EDLC. The specific
capacitance (Cs) and energy and power densities of the EDLC
were calculated from the charge-discharge curves using

© 2025 The Author(s). Published by the Royal Society of Chemistry

eqn (7), (9) and (10) respectively and the values are shown in
Table 6.

4.3 EIS analysis of EDLC devices

Fig. 14(e) presents the Nyquist plots of PCP35 with AC-CB
electrodes, where a semicircle and a spike are observed in the
high- and low-frequency regions, respectively. The total impe-
dance in the Nyquist plots can be divided into three compo-
nents: bulk electrolyte resistance (represented by the x-
intercept at the highest frequency), interfacial impedance
between the electrode and bulk solution (shown as a semicircle

Mater. Adv., 2025, 6, 3149-3170 | 3165
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Table 5 Specific capacitance calculated using CV analysis at different
scan rates before and after 5000 charge discharge cycles

Scan rate Specific capacitance Cg Specific capacitance Cg
(mvs™ (F g ") (before cycling) (F g ") (after cycling)

5 38.45 42.66

10 30.90 32.91

20 24.10 24.77

50 15.93 16.14

100 10.78 10.97

Table 6 Specific capacitance and energy and power densities calculated
using GCD analysis

Current Specific Energy Power
density capacitance density density
(mAg™) (Fg™ (Whkg™) Wkg™)
0.05 20.58 2.69 97.0
0.06 19.03 2.49 116.4
0.07 17.49 2.24 134.4
0.08 16.41 2.12 154.4
0.09 15.55 2.00 173.2
0.1 14.77 1.88 191.6
0.2 8.98 1.05 366.4

in the mid-frequency region), and impedance associated with
intraparticle pores (indicated by the spike at the low frequency),
as shown in Fig. 14(e). The first two components are primarily
influenced by the electrolyte solution, whereas the low-
frequency tails are governed by both electrode materials and
electrolytes.® The equivalent circuit of the impedance spectra is
shown in the inset of Fig. 14(e). The electrical circuit is
composed of an ohmic series resistance (R;) connected in series
to a parallel combination of the charge transfer resistance (Rcr)
and a constant phase element (CPE1). This arrangement is then
connected in series with another constant-phase element
(CPE2). The initial intersection of the Nyquist plot with the
real axis at low frequencies represents the equivalent series
resistance (R;), which stems from internal resistance, wire
resistance, and their connections. The second point where
the Nyquist plot crosses the real axis corresponds to the charge
transfer resistance (Rcr) occurring between the electrode and
electrolyte interface.™

EIS analysis was performed before and after the cycling
stability tests to investigate the potential degradation of the
EDLC. The Ry and Rcr values increased slightly after 5000
cycles. The results presented in Table 7 suggest that no sig-
nificant potential degradation occurred during long-term
cycling and the material almost retained its original properties.

4.4 Cycling performance and efficiency

Cycling performance serves as a key indicator of EDLC device
effectiveness. To assess its cycling stability, the device under-
went 5000 cycles at a current density of 0.2 mA g '. As shown
in Fig. 14(f), the cycling test results demonstrate the excep-
tional stability and efficiency of the device using PCP35 electro-
lyte. The observed increase in capacitance is attributed to
gradual electrolyte penetration into the electrode during
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Table 7 EIS fitting parameters before and after cycling

Element Cycling Values
R (Q) Before 133
After 81.25
Rer (Q) Before 208
After 120.2
CPE1 (F cm 2 st™™Y) Before 0.963 x 1072
After 0.188 x 107°
CPE2 (F em ™2 s71) Before 1.264 x 1072
After 1.299 x 107

charge-discharge cycles. This process leads to progressive
activation of electrode surfaces, enhancing electrolyte ion
accessibility to micropores. As cycling progresses, electrolyte
ions increasingly permeate the inner regions of the electrodes.
This deeper penetration expands the effective electrode surface
area for ion interactions, boosting capacitance. Extended opera-
tion allows for more thorough utilization of the electrode
material, contributing to the increase in capacitance. A com-
parable phenomenon has been documented in other scientific
literature reports."'>"** This phenomenon has led to improved
performance, enhancing ESR, energy density, and power den-
sity of the device, even after 5000 continuous cycles as dis-
cussed in the next section.

Another important metric for assessing the cycle stability of
an EDLC is its coulombic efficiency (r), which can be calculated
using the following formula:

1,
n=-2x100%

c

(27)

where ¢; and ¢ represent the discharge and charge times,
respectively. Fig. 14(f) shows the coulombic efficiency (1) of
the EDLC over 5000 cycles. The coulombic efficiency remained
steady throughout the 5000 cycles, indicating stable perfor-
mance over prolonged cycling. A higher coulombic efficiency
typically signifies stable and reliable electrode-electrolyte con-
tact during cycling."**

4.5 ESR of the EDLC cell

A key desirable feature of an EDLC assembly is low equivalent
series resistance (ESR)."'® ESR refers to the internal resistance
within a supercapacitor that causes energy loss in the form of
heat during charge and discharge cycles. Four primary factors
affect ESR: the inherent resistance of the active electrode
material, the overall resistance within the electrolyte, the
current collector, and the resistance at the interface between
the active material and electrolyte.'®” The ESR was calculated
using the equation below,

iRdrop

ESR =
21

(28)
Insight into the EDLC assembly can be obtained from the
ESR response over multiple cycles, as illustrated in Fig. 15(a).
The ESR value was recorded at 210 Q in the first cycle and
remained relatively stable until the 5000th cycle. A minimal
ESR signifies superior electrode-electrolyte contact, promoting
efficient ion transfer into the electrode’s surface pores.'™ In

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Specific capacitance and efficiency, (b) ESR, and (c) energy and power density values of a PCP35-based EDLC over 5000 charge—discharge

Table 8 Parameters of the fabricated EDLC in this report compared with those of previously reported systems

Electrolyte system Specific capacitance Energy density (W h kg™*) Power density (W kg™7) Ref.
PVA-gum arabic-NH,NO; 29Fg '@5mvs ! 0.43 610 120
PVA-dextran-NH I 42F g '@50 mV st 0.55 64 121
Dextran-NH Br 246 Fg '@50 mvs' — — 122
Chitosan-PEO-LiClO, 6.88 F g '@0.5 mA cm > 1.07 321 123
PVA-CS-MgCl, 5.80 F g '@5 mV s~ — — 22
PVA-CS-NaClO,-H,O 3845 F g '@5mvVs ' 2.69 97 Present work

this study, ESR changes over 5000 cycles were minimal, indicat-
ing strong electrode-electrolyte contact. This stability also
contributed to an increase in specific capacitance over contin-
uous cycling, as observed in the previous section. Moreover, the
ESR values reported here are significantly lower than those
reported for other EDLC devices employing other SPEs.''®71'#

Fig. 15(b) illustrates the variation of energy and power
densities over 5000 charge-discharge cycles at 0.2 mA g "
current density. The stored energy in the first cycle was calcu-
lated to be 1.08 W h kg '. With increasing cycle count, the
energy density reached a steady state at approximately
1.25 W h kg™ ', which was sustained for 5000 cycles. This
consistent energy density suggests minimal ionic clustering,
implying that ion movement likely encounters a similar energy
barrier throughout the process."’® The power density in the

© 2025 The Author(s). Published by the Royal Society of Chemistry

first cycle was measured at 360 W kg~ ' and fluctuated only

slightly, with an average value of 375 W kg™~ " throughout 5000
cycles. A comparison of the EDLC parameters from this study
with previously reported systems is presented in Table 8.

5. Conclusions

In this study, SPEs were successfully prepared by blending CS
and PVA using the solution casting method, with NaClO, added
to enable ion transport. Impedance measurements demon-
strated that a 35 wt% salt concentration provided the highest
DC conductivity, measured at (5.23 + 0.27) x 10°* S em™".
Meanwhile, the AC conductivity spectra distinctly highlight

both the electrode polarization and ion-hopping mechanisms.

Mater. Adv., 2025, 6, 3149-3170 | 3167
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TNM revealed a dominant ionic contribution to the overall
conductivity, and electrochemical stability testing confirmed
the stability up to 2.6 V, indicating no observable breakdown.
Furthermore, cyclic voltammetry (CV) performed on the opti-
mum electrolyte-based EDLC showed the absence of redox
peaks, signifying capacitive behaviour. The different scan rates
yielded characteristic current-voltage profiles representative of
the ion accumulation dynamics. Galvanostatic charge-dis-
charge (GCD) measurements produced nearly ideal triangular
voltage profiles with approximately 100% coulombic efficien-
cies. This corresponds to a specific capacitance of approxi-
mately 20.58 F g~ ', a power density of 97 W kg™ ', and an energy
density of 2.69 W h kg™" at a relatively low current density of
0.05 mA g~ '. Overall, these results highlight the potential of
this green SPE as an environmentally friendly and high-
performance energy-storage material. Incorporating plastici-
zers or ionic liquids into the optimised polymer matrix can
boost ionic mobility, resulting in better electrode-electrolyte
contact, lower internal resistance, and improved charge-dis-
charge efficiency. These modifications will be further explored
in our upcoming studies to optimize supercapacitor materials,
potentially leading to devices with higher energy and power
densities.
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