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Abstract

A novel Lithium triflate-incorporated Solid Polymer Electrolyte (SPE) has been devel-
oped by using the optimized blend of Ghatti Gum (GG) and Xanthan Gum (XG) with a
biodegradable synthetic polymer, Polyvinyl alcohol (PVA), ethylene glycol as a plasticizer,
and formaldehyde as a cross-linker for energy storage applications. They are examined by
X-ray diffraction, Fourier transform infrared spectroscopy, and electrochemical impedance
analysis. The frequency-dependent conductivity adheres to Joshner’s universal power law,
with the TF10 composition achieving the higher ionic conductivity of 2.73 x 107> Scm™~1.
Temperature-dependent conductivity confirms Arrhenius-type behavior and shows a low
activation energy of 0.15 eV that supports facile ion transport. The conduction process
in TF10 follows the Correlated Barrier Hopping (CBH) model. Dielectric and modulus
investigations indicate relaxation dynamics with the shorter relaxation time (6.45 x 107°s)
from tangent loss spectra. From the SEM analysis, the uniform distribution and the porous
nature of the electrode activated carbon are confirmed. A supercapacitor is assembled with
TF10 displays electric double-layer capacitive features, delivering a specific capacitance of
7.1 Fg~! at 15 mVs~!. Charge-discharge analysis reveals energy and power densities of
2.52 Wh kg~ ! and 2500 W kg !, respectively, for the supercapacitor.

Keywords: Ghatti gum; Xanthan gum; lithium storage performance; biopolymer

1. Introduction

The rapid growth of portable electronics and the global demand for sustainable energy
technologies have increased interest in advanced energy storage systems. Amongst the
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existing possibilities, supercapacitors are a good choice due to their high-power density,
fast charge-discharge response, excellent cycle life, and intrinsic safety features [1]. Unlike
batteries, the supercapacitors store energy through electrostatic charge accumulation or
fast surface redox reactions. This enables them to deliver energy quickly with minimal
degradation over thousands to millions of cycles. Therefore, supercapacitors are widely
employed in portable electronics, electric vehicles, renewable energy systems, backup
power supplies, and high-power electronic devices.

The efficiency of such devices relies on the electrolyte which directly influences ion
transport and overall electrochemical behavior. Although liquid electrolytes have been
widely utilized and they have drawbacks such as leakage, toxicity, and environmental
risks. Solid polymer electrolytes derived from biopolymers are chosen because of their
biodegradability, non-toxicity, renewability, and ability to form thin, flexible films [2,3].
These natural polymers are not only environmentally friendly but also cost-effective and
align well with green energy storage goals. Among polysaccharide-based biopolymers,
gum ghatti (GG), an exudate from Anogeissus latifolia, is especially attractive due to its
solubility, gel-forming capability. It contains L-arabinose, D-galactose, D-mannose, D-
xylose, and D-glucuronic acid in molar proportions of 48:29:10:5:10 along with calcium and
magnesium salts of uronic acids [4,5]. However, it has the tendency to swell and limited
film-forming capacity, which restricts its direct use in electrochemical devices.

To overcome such limitations, blending with complementary polymers is a common
strategy. Xanthan gum (XG) produced by Xanthomonas campestris possesses a (3-D-
glucose backbone with side branches containing (3-D-mannose, 3-D-glucuronic acid, and
o-D-mannose [6,7]. When GG and XG are combined, which introduces abundant hydroxyl
and carboxyl groups and provides multiple interaction sites for hydrogen bonding and
ionic coordination, thereby strengthening the polymer networks [8,9]. GG primarily con-
tributes hydrophilic moieties, improving water retention, while XG enhances film integrity
and stability. Polyvinyl alcohol (PVA), a synthetic but environmentally compatible polymer,
complements these gums further due to its excellent solubility, biodegradability, and afford-
ability. In blends with GG or XG, PVA improves mechanical strength, dimensional stability,
and network density through hydrogen bonding and intermolecular associations [10]. This
results in enhanced swelling, toughness, and structural integrity of the films. All three poly-
mers (GG, XG, and PVA) are water-soluble and compatible with eco-friendly processing
routes. The optimized composition (50 wt% GG + 10 wt% XG + 40 wt% PVA) yields
a conductivity of 1.19 x 1077 S cm~!. To further enhance conductivity, lithium triflate
(LiCF3503) is incorporated into the blend. Compared with other lithium salts, lithium
triflate offers superior chemical stability, a wide electrochemical window, and excellent
compatibility with polymer hosts such as GG, XG, and PVA. Its easy dissociation in the
polymer matrix releases lithium ions, significantly boosting ionic conductivity to levels
suitable for practical supercapacitor operation.

Several studies have reported biopolymer-based solid polymer electrolytes for superca-
pacitor applications. Gum Arabic-based blend biopolymer electrolytes have demonstrated
good performance for electric double-layer capacitor (EDLC) applications and exhibit an
ionic conductivity of 1.17 x 1075 S cm ™! at room temperature [11]. In comparison, guar
gum-based polymer electrolytes generally show lower ionic conductivities, typically in the
order of 107¢ S cm™~! [12]. Similarly, gellan gum electrolytes doped with sodium trifluo-
romethanesulfonate exhibit a conductivity of ~1.06 x 107% S cm~! achieved for higher salt
concentrations [13].

A rosin gum-—cellulose acetate blend electrolyte doped with LiNOj achieved a rela-
tively higher maximum ionic conductivity of 6.21 x 107> S cm~! [14]. Similarly, chitosan-
methylcellulose and PVA-methylcellulose blend electrolytes incorporating ammonium
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iodide salts have been explored, showing moderate conductivity and stable cycling perfor-
mance [15]. Recent studies have demonstrated significant progress in electrolyte and elec-
trode material development for electrochemical energy storage devices. Polymer blend elec-
trolytes based on PVA: PVP doped with NaSCN have shown ideal linear charge-discharge
behavior with 100% coulombic efficiency, delivering specific capacitance values from cyclic
voltammetry and impedance analyses that confirm stable and reversible energy storage per-
formance [16]. Comprehensive review articles on supercapacitors have further summarized
advances in device fundamentals, materials, techno-economic considerations, modeling
approaches, performance evaluation, and diverse applications, while emphasizing current
challenges related to material innovation, cost reduction, and large-scale commercializa-
tion [17]. In parallel, Manfo et al. reported quasi-flexible PVDF-HFP /PMMA-based solid
polymer electrolytes combined with boron carbide-reinforced tea waste electrodes, achiev-
ing wide electrochemical stability windows, low equivalent series resistance, and enhanced
capacitance with high energy and power densities [18]. Beyond supercapacitors, transition
metal oxide-based anode materials such as carbon-modified MnCr,O4 composites synthe-
sized via combustion routes have been explored for lithium-ion batteries, where porous
nanosheet morphologies and carbon incorporation significantly improved cycling stability
and ion transport, highlighting the importance of structural and compositional engineering
across energy storage technologies [19]. Although these studies confirm the potential of
biopolymer electrolytes, challenges remain in achieving a balanced combination of high
ionic conductivity, mechanical stability, and long-term electrochemical performance. Al-
though prior investigations highlight the capability of biopolymer electrolytes, limitations
persist in optimizing ionic transport and long-term electrochemical behavior. To overcome
the limitations, a new tripolymer blend with lithium salts is synthesized and characterized
by different techniques.

2. Materials

For the present investigation, three different polymers were selected as host materials
for electrolyte preparation, namely Ghatti Gum (GG), Xanthan Gum (XG), and Polyvinyl
Alcohol (PVA). Ghatti gum (GG, molecular weight 362.38 g mol ') and xanthan gum
(XG, molecular weight 933.74 g mol ') are naturally derived polysaccharides known for
their excellent film-forming ability, high hydrophilicity, and abundance of polar functional
groups such as hydroxyl (-OH) and carboxyl (-COO™) moieties. These functional groups
facilitate salt dissociation and ion transport, making them suitable candidates for polymer
electrolyte systems. Both GG and XG were procured from Otto Chemie (Mumbai, India).
Polyvinyl alcohol (PVA, molecular weight 44.05 g mol 1), also obtained from Otto Chemie,
was employed as a synthetic polymer component due to its good mechanical strength,
flexibility, chemical stability, and strong affinity for water. Ethylene glycol (EG), with
a molecular weight of 62.07 g mol~! and a purity of 99%, was purchased from Merck
Specialities Pvt. Ltd. (Mumbai, India) and used as a plasticizer. Formaldehyde, supplied
by Thermo Fisher Scientific India Pvt. Ltd. (Mumbai, India), was used as a crosslinking
agent to improve the structural integrity and dimensional stability of the polymer network.
Controlled crosslinking helps in achieving mechanically robust electrolyte films while
maintaining sufficient amorphous character for ion migration. Lithium trifluoromethane-
sulfonate (LiCF3S03) was chosen as the ionic dopant and procured from Sigma-Aldrich
(St. Louis, MO, USA) (molecular weight 156.01 g mol !, purity 99%). LiCF3SOs3 is widely
used in polymer electrolytes due to its high dissociation capability, which enhances lithium-
ion mobility within the polymer matrix. Throughout all stages of electrolyte preparation,
deionized water was employed as the solvent to ensure uniform dissolution of polymers
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and salts. The complete list of materials used in this study, along with their specific roles in
the electrolyte system, is summarized in Table 1.

Table 1. Material and its role in Electrolytes.

Material Chemical Nature Role in Electrolyte
Ghatti Gum (GG) Natural polysaccharide Primary polymer host
Xanthan Gum (XG) Microbial polysaccharide Film-forming enhancer

Biodegradable synthetic

Polyvinyl Alcohol (PVA) polymer Mechanical stability
Lithium Triflate s .
(LiCF2S03) Lithium salt Ionic dopant
Ethylene Glycol Organic plasticizer Plasticizer
Formaldehyde Crosslinking agent Crosslinker
Deionized Water Solvent Solvent

3. Experimental Details

Solid polymer electrolytes (SPEs) based on Ghatti Gum (GG), Xanthan Gum (XG),
Polyvinyl Alcohol (PVA), and lithium triflate were synthesized via the solution casting
method. In the first stage, each polymer was dissolved separately: GG in 10 mL of double-
distilled water with continuous stirring for 6 h, XG in 40 mL of water at 85 °C under
vigorous stirring for 6 h, and PVA in 10 mL of water with constant stirring for the same
duration. The three polymer solutions were then combined to form a homogeneous blend.
To this mixture, 0.05 mL of ethylene glycol (plasticizer) and 0.95 mL of formaldehyde
(crosslinker) were added, followed by continuous stirring for 24 h. In the second stage,
lithium triflate (LiCF3503) was introduced into the optimized blend composition (GXP5)
(50 wt% GG + 10 wt% XG + 40 wt% PVA + 0.05 mL ethylene glycol + 0.95 mL formaldehyde).
The salt concentration varied between 2 and 10 wt%. After complete dissolution of the
components, the mixture was stirred for an additional 3 h to ensure uniform distribution.
The resulting solution was cast onto a clean, leveled glass plate and left to form thin films.
The films were oven-dried at 80 °C for 24 h to remove residual moisture to produce films
with thicknesses in the range of 0.15-0.30 mm. Finally, the dried films were carefully
peeled off and cut into appropriate sizes for subsequent characterization. The prepared
polymer electrolyte samples are designated using specific notation codes. The optimized
polymer blend composed of Ghatti gum (GG), Xanthan gum (XG), and Polyvinyl alcohol
(PVA) in the weight ratio of 50:10:40 is denoted as the optimized blend. The salt-doped
samples are labeled as TF2, TF4, TF6, TF8, TF10, and TF12, which correspond to polymer
electrolytes containing 2, 4, 6, 8, 10, and 12 wt% of lithium triflate, respectively. The
notations assigned to each composition are provided in Table 2, and the overall preparation
process is schematically illustrated in Figure 1.

Table 2. Polymer Blend ratio and its sample codes.

Electrolytes in wt% + Ethylglycol (0.05)mL + Formaldehyde (0.95)mL Notations
50wt%GG + 10wt%XG + 40wt%PVA + 2wt%LiT TF2
50wt%GG + 10wt%XG + 40wt%PVA + 4 wt%LiT TF4
50wt%GG + 10wt%XG + 40wt%PVA + 6 wt%LiT TF6
50wt%GG + 10wt%XG + 40wt%PVA + 8 wt%LiT TF8
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Table 2. Cont.

Electrolytes in wt% + Ethylglycol (0.05)mL + Formaldehyde (0.95)mL Notations
50wt%GG + 10wt%XG + 40wt%PVA + 10 wt%LiT TF10
50wt%GG + 10wt%XG + 40wt%PVA + 10 wt%LiT TF12
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Figure 1. Schematic illustration of the experimental method.

3.1. Fabrication of Electrode

Electrode preparation represents the initial step in the fabrication of the supercapacitor.
Activated carbon (procured from SANWA Components, Inc. (Poway, CA, USA)), Poly
(vinylidene fluoride) (PVdF), and N-methyl-2-pyrrolidone (NMP) were mixed in an 8:1:1
weight ratio. The activated carbon and PVdF were dispersed in NMP using a mortar
and pestle until a uniform slurry was obtained. This slurry was coated onto a nickel foil
substrate and subsequently dried at 80 °C for 12 h. The resulting electrodes were preserved
in a desiccator containing silica gel to eliminate residual moisture.

3.2. Fabrication of Symmetric Supercapacitor

For the fabrication of Symmetric supercapacitors, the polymer electrolyte with the
higher ionic conductivity (TF10) was employed as the electrolyte, while activated carbon
was used as electrodes with the configuration of AC || (50 wt% GG + 10 wt% XG + 40 wt%
PVA + 0.05 mL ethylene glycol + 0.95 mL formaldehyde) + 10 wt% LiCF3SOs|| AC. The
structure of the supercapacitor is given in Figure 2.

Glass plate

Activated carbon
Glass plate

Activated carbon

Figure 2. Structure of symmetrical supercapacitor.
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4. Results and Discussion
4.1. X-Ray Diffraction (XRD) Analysis of Polymer Electrolytes

The structural properties of the prepared polymer electrolytes are examined using
X-ray diffraction (XRD). Figure 3a presents the diffraction profiles of the optimized blend
(IAGB) along with samples containing varying amounts of LiCF3503. The blend electrolyte
exhibits diffraction peaks at 20 ~ 19°, 30°, and 42°, which correspond to the characteristic
features of Ghatti Gum (GG), Xanthan Gum (XG), and Polyvinyl Alcohol (PVA).

—TF12
—TF12 Crystalline peak
| Amorphous peak
Amorphous peak
Cumlative fit peak

TF10) e

h— Crystalline peak
Amorphous peak
Amorphous peak

TF8| —_1rs
Crystalline peak
Amorphous peak
Amorphous peak
Cumulative fit peak
~mM“#“”*“Nw*N“““‘“"*“ﬁNh"‘"ﬁﬂwun““~uuu‘u;:::zzf
—TF4
W Comaonpsk,
Amorphous peak
TF2 == Cumulative fit peak
—TF2
Crystalline peak
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‘Amorphous peak
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Crystalline peak
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n Amorphous peak
. Cumulative fit peak
| [ JCPDS-52-2430 /‘f_/_\_
. I PP |
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—TF6
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20 (Degree) 20 (Degree)
(a) (b)

Figure 3. (a) XRD pattern of prepared polymer electrolyte. (b) Deconvoluted XRD spectra of salt
added blend polymer electrolytes.

By adding lithium triflate at concentrations between 2 and 12 wt%, noticeable changes
in the amorphous nature are observed. At salt levels (2-8 wt%), the hump around 19°
and 30° became more bulging, indicating the decrease in amorphous nature. With further
increase to 10 wt% (TF10), the hump intensity is gradually decreased. This suggests the
structural rearrangement and increased ion—polymer interaction. However, when the salt
concentration is raised to 12 wt% (TF12), the hump intensity at 19° is increased again, which
indicates a partial increase in crystallinity and a reduction in overall amorphous character.

To calculate these variations, deconvolution of the diffraction patterns is carried out
(Figure 3b). The percentage crystallinity (xc) is determined using:

Xc (%) = Ac x 100 (1)
At
where Ac represents the integrated area under the crystalline peaks, and At denotes the
total area of crystalline and amorphous contributions [20]. The calculated xc values are
listed in Table 3. Among all compositions, TF10 exhibits the lowest crystallinity (~30%) due
to peak suppression.
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Table 3. Degree of crystallinity (%) of the prepared samples.

Samples Degree of Crystallinity (%)
TF2 39
TF4 38
TF6 37
TF8 34
TF10 30
TF12 33

4.2. Fourier Transform Infrared (FTIR) Analysis

The FTIR spectra are employed to investigate the molecular interactions and structural
modifications in the tripolymer system composed of Ghatti gum, Xanthan gum, and PVA
(GXP5) with different concentrations of lithium triflate (LiCF3503) incorporated into the
tripolymer electrolyte, as shown in Figure 4. Table 4 summarizes the major vibrational
bands identified.

A broad band approximately at 3317 cm~! appears in all spectra and is attributed to
O-H stretching vibrations. With the addition of salt, this peak becomes wider and shifts
slightly, which indicates the hydrogen bonding and ion—dipole interactions between Li*
ions and the hydroxyl functionalities of the polymers. This suggests effective coordination
of lithium with oxygen atoms from hydroxyl and ether groups present in PVA and the
polysaccharide gumes.

The absorption at ~2910 cm ! corresponds to C-H stretching of the PVA backbone.
Although this peak remains nearly unchanged in position, minor variations in intensity
reflect local structural reorganization produced by salt incorporation. A distinct band

near 1621 cm ™1

is assigned to C=0 stretching vibrations and provides evidence of possible
complexation between carboxylate groups of the gums and Li* cations. In the blend (GXP5),
a band at 2348 cm ™! corresponds to the nitrile (C=N) stretching of Ghatti gum, which
diminishes in intensity upon salt addition. This indicates the interaction of gum with
lithium ions.

Significant modifications, particularly at 1019 cm ™!

, are assigned to C-O—C stretching
vibrations of glycosidic linkages and ether groups. Peak shifts and intensity changes further
confirm the complex formation between the polymer matrix and lithium. The appearance
of bands around 1251 cm™! is attributed to asymmetric SO3 stretching, validating the
presence of lithium triflate within the polymer network. According to Starkey and Frech,
the band at 758 cm ™! corresponds to &s (CF3) vibrations of the triflate anion, while the
new feature near 637 cm ! in the 10 wt% LiCF3SO3 sample is linked to the symmetric SO3
bending mode. The vibrational pattern of the triflate group is known to be highly sensitive
to its coordination environment, resulting in multiple IR-active bands [21,22].

These changes collectively verify that lithium triflate actively interacts with the poly-
mer chains. The coordination of Li* with hydroxyl and ether groups modifies the vibra-
tional modes, which enhance the amorphous content and facilitate ion transport within the
blend. Thus, FTIR analysis confirms the successful integration of LiCF3503 and highlights
the structural reorganization that supports improved electrochemical performance of the
prepared polymer electrolyte system.
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Figure 4. FTIR analysis of the samples TF2, TF4, TF6, TF8, TF10, and TF12.
Table 4. Functional group assignments for the prepared samples.
Wavenumber (cm~—1) Assignments
3317 OH stretching
2910 CH stretching
1621 C=0 stretching
1419 C-C bending
1019 C-O-C stretching
1252 S=0 stretching
2358 nitrile (C=N) bond stretching vibration
887 C—C stretching vibration
754 C-H out-of-plane bending

4.3. SEM/EDX Analysis

Figure 5 shows the SEM morphology of activated carbon with a magnification of

10,000 times, a 1 um image size. SEM results show several small white particles, and they
are uniformly distributed. The EDX spectrum shown in Figure 6 shows the presence of
Carbon at 100%.

https:/ /doi.org/10.3390/ cryst16020141


https://doi.org/10.3390/cryst16020141

Crystals 2026, 16, 141

9of 22

Figure 5. SEM image of activated carbon electrode.
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Figure 6. EDX of activated carbon electrode.

4.4. AC Impedance Analysis
4.4.1. Nyquist Plot

The Nyquist plot illustrates the complex impedance behavior of polymer electrolyte
samples (TF2 to TF12). The Nyquist plot of GPX5 (50 wt%:10 wt%:40 wt% 0.05 mL ethylene
glycol + 0.95 mL formaldehyde) and different wt% of lithium triflate salt added systems
at ambient temperature are shown in Figure 7. Each curve consists of a semicircular arc
followed by a low-frequency spike. The diameter of the semicircle represents the bulk
resistance (Rp) of the electrolyte. The bulk resistance (R},) value is determined using Z View
fitting software.

The semicircle at high frequency denotes the bulk effect, and the low-frequency spike is
due to the presence of polarization effect between the electrode and the electrolyte interface.

The AC conductivity of the solid polymer electrolyte can be determined by the
given formula:

_ (! -1
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where ‘t’ represents the sample thickness, ‘Ry,” denotes the bulk resistance, and ‘A’ signifies
the contact area between the electrode and electrolyte [23].

At lower lithium triflate concentrations (TF2 and TF4), the plot exhibits large semi-
circles. This indicates the high bulk resistance and poor ion transport due to limited salt
dissociation and weak polymer-salt interaction. As the salt concentration increases, notably
in TF6 and TFS8, the semicircle diameters decrease significantly, suggesting enhanced ion
mobility and better ionic conduction. This is attributed to the effective coordination between
Li* ions and the polar functional groups (-OH and -C-O-C-) in the biopolymer matrix.

= TF2
9000 - N N Sy——— o TF4
| CPE1 | A TF6
7500_ v TF8
e TF10
<« TF12
60004
S
N 4500 4
|| | |
3000 R I
,1A AAAa, LAY -
AL ®e = ™
04+—22— r "v . - :
0 1500 3000 4500 6000 7500 9000
7'(2)

Figure 7. Nyquist plot for prepared electrolyte.

For the samples (TF10 and TF12), there exist smaller semicircles, and their transition
quickly into nearly vertical low-frequency spikes. This implies minimal bulk resistance,
dominance of capacitive behavior, and efficient ion accumulation, which is consistent with
enhanced double-layer capacitance.

The measured conductivity values are given in Table 5. The Nyquist plot clearly shows
10 wt% of lithium triflate added system obtain higher conductivity (2.73 x 107> S ecm™1)
than other samples. Further, increasing the salt concentration (12 wt., the conductivity is
decreased to 7.94 x 107° S em~! at 303 K. This is most likely due to the aggregation of the
ions, leading to the formation of ion clusters which reduces the number of mobile charge
carriers [24]. The impedance response therefore confirms a mixed resistive—capacitive
nature of the polymer electrolytes, where the resistive component is associated with bulk
ionic transport and the capacitive component arises from interfacial polarization. The
reduced impedance and enhanced capacitive response observed for TF10 strongly support
its suitability for supercapacitor applications.

Table 5. Ionic conductivity of the prepared samples.

Sample Ionic Conductivity (o) in S/cm
TF2 1.81 x 107
TF4 2.05 x 107°
TF6 2.39 x 107
TF8 3.5 x 107
TF10 2.73 x 107°
TF12 7.94 x 107°
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4.4.2. Conduction Spectra

The conductance spectra of salt LiCF3503 added blend polymer electrolytes is shown
in Figure 8a. The conductance spectra exhibit typical frequency-dependent behavior charac-
terized by three distinct regions. At low frequencies, the conductivity remains almost con-
stant which indicates the DC conductivity (o4.). This arises from long-range ion transport
through the polymer matrix and the space-charge polarization at the electrode—electrolyte
interface [25,26]. As the frequency increases, conductivity begins to rise gradually following
Jonscher’s power law. At high frequencies, a sharp increase in conductivity is observed
due to dielectric relaxation. Among all samples, TF10 exhibits the higher conductivity over
the entire frequency range, indicating efficient conduction.

4.4
g 0.45 Qs
4.6 L
¢ 0.40 4
4.8
_ & 0.354
= Pl
g-s.o- M«‘.«‘ ¥ 0.30-
2} 4 0
52] <« 8 0.254
L vv;‘
) v 0.20 4
2 5.4+ , __M‘f s TF2 [*)
A o TF4 0.15-
5.6+ . s TF6
A v TF8 0.104 N
58]  Smmm— & TF10
<« TF12 0.05 T T T T T
T T T T T 300 310 320 330 340 350
2 3 4 5 6 7

Temperature (K)
log [0 (Hz)]

(a) (b)
Figure 8. (a) Conductance spectra for the prepared polymer electrolytes. (b) Conductance mechanism
for the prepared polymer electrolytes.

4.4.3. Conduction Mechanism

The dependence of the frequency exponent (s) on temperature provides valuable
insight into the ion transport process within the prepared electrolytes. As illustrated in
Figure 8b, the value of s decreases steadily as the temperature increases from 300 K to 345 K.
Conductivity follows Jonscher’s universal power law and is expressed as:

Ope = O + Aw® 3)
s Odc

= — 4

w A (4)

Here, 04, represents the DC conductivity, 0,c—AC conductivity, A is a temperature-
dependent pre-exponential factor, w is the angular frequency, and s (0 <'s < 1) denotes the
frequency exponent. The different models are Quantum Mechanical Tunneling (QMT), in
which s is nearly unaffected by temperature, whereas in the Overlapping Large Polaron
Tunneling (OLPT) model, s typically increases with temperature [27-29].

The observed decline in s with an increase in temperature indicates the Correlated
Barrier Hopping (CBH) model. In this framework, lithium ions migrate between localized
states by crossing the potential barriers. As the temperature rises, these barriers are reduced
and enable easier ion motion.

The linear variation of s with temperature for the present system is expressed as:

s = —0.0086T + 3.05095 )
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This linear relationship further validates the CBH mechanism as the governing con-
duction process in the polymer electrolyte films.

The Arrhenius-type temperature dependence of ionic conductivity further verifies this
mechanism by yielding low activation energy values for optimized compositions.

4.4.4. Modulus Spectra

The electric modulus approach is used to suppress the influence of electrode polariza-
tion and to focus on bulk relaxation phenomena in polymer electrolyte systems. Unlike
the dielectric permittivity representation, which is dominated by interfacial effects at low
frequencies, the modulus formalism provides better insight into conductivity relaxation
related to long-range ionic transport and bulk charge motion [30,31]. Figure 9 depicts the
variation of the real (M) and imaginary (M") components of the dielectric modulus as a
function of frequency for the investigated electrolytes.

0.10 0.07
= TF2 = TF2
o TF4 o TF4
00s| » TFe . 0061, 1re .i‘
v TF8 = v TF8 v
o TF10 g 0051 5 TF10 w
<« TF12 Ca < TF12
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% l.‘ \E AV <
= AY S|
0.04 . 0.03 - =, <
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- < : ‘.‘v <« ¢
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o 0.01- v & ‘.,o
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: s & 5 & 7 2 s 4 5 6 7
log [o (H2)] log [0 (Hz)|

Figure 9. The relationship between real and imaginary moduli (M’ and M").

In the low-frequency region, both M’ and M” attain very small values, indicating the
presence of highly mobile charge carriers in the bulk of the electrolyte. This response is
associated with long-range ion migration rather than polarization effects at the electrode—
electrolyte interface [32]. Such behavior confirms the effectiveness of the modulus repre-
sentation in highlighting bulk ion dynamics. The complex modulus is expressed as:

M* = M’ +iM" 6)

M| =/ (M2) + (M?) 7)

The formulae for the real electrical modulus (M) and imaginary modulus (M") can be
expressed as follows,

’ £
M= ©

EH
M=o ©

where M’ and M” are the real and imaginary components of the modulus, and ¢’ and ¢”
are the real and imaginary parts of permittivity.

As the frequency increases, a gradual rise in M’ is observed, corresponding to a shift
from long-range ionic conduction to localized ion motion within the polymer framework.
At higher frequencies, the modulus response is predominantly governed by bulk relaxation
processes arising from ion hopping and polymer segmental movements.
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Among the various compositions studied, the TF10 electrolyte exhibits consistently
lower values of both M’ and M" across the entire frequency range. This behavior corre-
lates well with its enhanced ionic conductivity and lower bulk resistance obtained from
impedance measurements. The reduced modulus magnitude reflects faster conductiv-
ity relaxation and more efficient ion transport, confirming that bulk ionic conduction is
dominant in the optimized TF10 system.

4.4.5. Tangent Spectra

The tangent loss spectra of the synthesized electrolytes are presented in Figure 10.
The dielectric loss tangent (tan 0) and the relaxation time () are evaluated using the

following relations:
tand= (10)

8/

35

—TF 2

tan &

2 3 4 5 6 7
log [0 (HZ)]

Figure 10. Tangent spectra for all prepared samples.

Here, ¢’ and ¢” represent the dielectric constant and dielectric loss, respectively.
The Relaxation time (7) is obtained from the relation

T= — (11)

The tan 6 spectra for all polymer electrolyte films exhibit distinct relaxation peaks,
which are associated with frequency-dependent dielectric losses arising from ion migra-
tion [33,34]. A shift in the relaxation peak towards higher frequencies is observed from TF2
to TF10, which implies shorter relaxation time and improved charge transport. This im-
provement is ascribed to effective salt dissociation and flexibility of the polymer backbone,
which together facilitate the faster ion dynamics.

Among the electrolytes, TF10 displays the intense peak along with the larger shift.
This is a confirmation of superior ionic conductivity and dielectric response. In contrast,
TF12 shows a slight decrease in peak height towards lower frequency, which is due to the
occurrence of ion aggregation and thereby restricts ion mobility.

The relaxation times calculated for all compositions at 303 K are summarized in Table 6.
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Table 6. The calculated relaxation time for all prepared polymer electrolytes with lithium triflate.

Sample Relaxation Time (1/w) (s) Activation Energy (eV)
TF2 6.20 x 107 0.27
TF4 5.05 x 107 0.25
TF6 411 x 107° 0.21
TF8 3.35 x 107° 0.19
TF10 6.45 x 107° 0.15
TF12 1.47 x 107 0.22

4.5. Temperature-Dependent Plot

The influence of temperature on ionic conductivity is examined to know about the
transport mechanism in the prepared polymer electrolytes. Figure 11 presents the Arrhenius
plots in the range of 303-338 K. The conductivity variation with temperature shows the
straight-line behavior and follows an Arrhenius-type thermally activated process.

-4.2

-4.4 -
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v -4.8 -
£
O
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e}

$5.2-
5.4

-5.6 -

n
°
A
v
*
<
290 295 3.00 3.05 3.10 315 3.20 3.25 330 3.35
1000T(KT)
Figure 11. Arrhenius plot for all prepared polymer electrolytes with lithium triflate.

The temperature dependence of conductivity is described by the relation:
0 = 0p exp (;?) (12)

where o is the ionic conductivity (Sem™1), oy is the pre-exponential factor, E; represents
the activation energy, k is the Boltzmann constant, and T is the absolute temperature.

The activation energies derived from the slope of the plots are summarized in Table 6.
A gradual reduction in E; is observed with increasing salt concentration, and the composi-
tion (TF10) exhibits the lower activation energy. This reflects the enhanced ion mobility
and reduced energy barriers for hopping [35].
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5. Transference Number Analysis

The relative contributions of ionic and electronic charge carriers to the overall conduc-
tivity of the polymer electrolytes are determined using Wagner’s polarization technique.
In this method, a constant DC potential of 2 V is applied across the electrolyte sample
sandwiched between two silver electrodes. In which one electrode is coated with graphite
to block electron transport. The transient polarization current is monitored over time until
it is stabilized, as illustrated in Figure 12.A sharp initial current is observed immediately
after applying the bias, which arises mainly from ion migration. With increasing time, the
current decays and eventually reaches a steady state [36].

57 —TF12
38
19
0
96 ——TF10
64
32
0
57 ——TF8

Current (1 A)
[
®

A7

——TF6

——TF4

—TF2

200 400
Time (min)

Figure 12. Transference number analysis for all samples prepared.

The ionic transference number (t;on) and electronic transference number (tq.) are
calculated using the following relations:

tion = | (1 = 1r) /1 (13)

fele = (1 - tion) (14)

where I; and I represent the initial and final current values, respectively. For the present
systems, ion transport dominates the conduction process. The higher tjon (0.979) is obtained
for the TF10 composition and confirms that the current is predominantly carried by ions.
The values of tj,, and tele for all samples are summarized in Table 6.

The diffusion coefficients and mobilities of cations and anions are further derived from
the transference number analysis using the following equations:

KT
D:D++D,:W;T (15)
D
tion = ﬁ (16)
D_
fy, = ——— 17
ele D+ +D_ ( )
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o
= = — 1
p= b= (18)
H+
- 19
ion e+ ( )
]/l,
tg, = ——— 20
ele U+ ( )

Here, D denotes the diffusion coefficient (cm? s~1), w is the mobility (cm? V-!s71), o
is the ionic conductivity, k is Boltzmann’s constant, T is the absolute temperature, n is the
number of charge carriers, and e is the electronic charge.

Among the systems, TF10 shows significantly enhanced ionic mobility and diffusion
coefficients. The calculated values of tjo,, tele, 1y, p—, D, and D_ for all electrolytes are
listed in Table 7.

Table 7. Transport parameters of polymer electrolytes.

Transference

Diffusion Co-Efficient in cm?/s Mobility (u) in cm?/Vs
Weight of No. (.)f Charge Number
. Carriers (n) in
Saltin % em—3 (x10%2) T. T D D. D_ u Wt n_
fon ele (x10-11)  (x10-11)  (x10-13)  (x10-10)  (x10-10)  (x10-11)
2 2.06 0.928 0.071 1.43 1.33 10.2 5.48 5.09 3.91
4 412 0.941 0.058 0.81 0.76 4.77 3.10 292 1.83
6 6.19 0.958 0.041 0.63 0.60 2.63 241 2.31 1.01
8 8.25 0.964 0.035 0.69 0.67 2.47 2.65 2.55 0.95
10 10.3 0.979 0.020 4.32 423 8.82 16.5 16.2 3.37
12 12.3 0.967 0.032 1.05 1.01 3.38 4.01 3.88 1.29

6. Electrochemical Analysis
6.1. Cyclic Voltammetry

A symmetric supercapacitor device is assembled using the higher conducting polymer
electrolyte (TF10). Cyclic voltammetry (CV) analysis is performed within the potential
window of —1 to 1V at scan rates ranging from 15 to 100 mVs~!, as illustrated in Figure 13.
The CV curves exhibit quasi-rectangular profiles without noticeable redox peaks, which is
characteristic of electric double-layer capacitive (EDLC) behavior.

The specific capacitance (Csp) of the cell is determined using the relation:

A

= 21
mxovxAV 1)

Csp
where A is the integrated area under the CV curve, m is the active electrode mass, v is the
applied scan rate, and AV is the potential window [37].

An increase in current response at higher scan rates reveals the ability of the system
to withstand rapid ion transport and improved charge storage at the electrode—electrolyte
interface. The nearly symmetric shape of the CV profiles across different scan rates confirms
excellent electrochemical reversibility and structural stability of the device. At very high
scan rates, minor deviations from the ideal rectangular shape are observed, which can be
attributed to internal resistance effects or ion diffusion limitations.

Overall, the CV analysis emphasizes the EDLC nature of the material and its capability
for efficient energy storage. The calculated specific capacitance values at different scan
rates are summarized in Table 8.
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Figure 13. Cyclic voltammetry (CV) curves at different scan rates.

Table 8. The specific capacitance of the fabricated supercapacitor.

Scan Rate (mV/s) Cs (Fg™1)
15 7.1
25 6.0
50 5.2
75 4.7
100 4.3

6.2. Galvanostatic Charge—Discharge (GCD) Analysis

Galvanostatic charge—discharge measurements are performed to evaluate the energy
and power characteristics of the fabricated supercapacitor. The tests are carried out at
current densities ranging from 1 A g_1 to5 A g_1 within the potential window of 0-1V, as
illustrated in Figure 14. The recorded GCD profiles exhibit nearly symmetrical triangular
shapes at all current densities as a confirmation of the capacitive response of the system.

At the lowest current density (1 Ag™!), the discharge period is longer, which corre-
sponds to higher specific capacitance. This behavior arises because ions have sufficient
time to migrate and access the electrode surface. As the current density increases to 5 Ag~!,
the discharge time decreases, reflecting the restricted ion mobility and reduced electrode
surface accessibility.

The specific capacitance (Csp), energy density (E), and power density (P) are deter-
mined from the GCD data using the following relations [38—41]:

1 2
E=CyV (22)
E
P= (23)

where E is the energy density (Wh kg~ 1), P is the power density (W kg~!), V is the potential
window (V), and At is the discharge time (s).
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Figure 14. Plots of a symmetrical capacitor’s galvanostatic charge/discharge (GCD) at different
current densities.

At 1 Ag~!, the maximum specific capacitance is found to be 10.8 Fg~!. The device
also achieves a maximum power density of 2500 W kg~ ! at 5 A g~!. A comparison with
previously reported supercapacitors using gel polymer electrolytes (GPEs) from poly (vinyl
alcohol-co-acrylonitrile) /PEO and doped with LiBF, and 1-ethyl-3-methylimidazolium
ionic liquid exhibits relatively high ionic conductivity in the dry state (2 x 10~* Sem™1).
Compeatibly, the symmetric supercapacitor delivered a specific capacitance of 80 F g1 at
1 A g1, along with an energy density of 61 Wh kg ! at a power density of 500 W kg, indi-
cating efficient charge storage and favorable GCD characteristics at low current density [41].
The PGPE-based all-solid-state supercapacitor exhibits a wide electrochemical window of
1.2V, delivering a high specific capacitance of 64.92 F g_l at1 A g_l, with a maximum
energy density of 13.26 Wh kg~! and a power density of 2.26 kW kg1, along with excellent
cycling stability of 94.63% capacitance retention after 10,000 cycles and stable performance
under bending conditions [42]. Meanwhile, a dextran/hydroxyethyl cellulose electrolyte
blended with NH4Br exhibited a comparatively lower specific capacitance of 31.7 F g~!
during GCD evaluation [43]. The calculated values of specific capacitance, energy density,
and power density for different current densities are summarized in Table 9. In the present
system, the solid electrolyte contributes to the observed electrochemical performance which
is lower than the liquid and gel electrolytes. However, electrolyte provides advantages
such as flexibility, leakage-free operation, improved safety, and enhanced environmental
compatibility which makes it suitable for energy-storage applications. The comparison of
electro-chemical performance with gel electrolytes is given in Table 10.

Table 9. The calculated device’s power density and energy density.

Galvanostatic Charge-Discharge (GCD)

Cs (Fg™1) Power Density (Wkg~=1)  Energy Density (Whkg—1)
10.85 500 3.01
9.5 1000 2.63
9.3 1500 2.58
9.2 2000 2.55
9.1 2500 2.52
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Table 10. Comparison of electrochemical performance of supercapacitors based on different poly-
mer/gel electrolytes.

Electrolyte System

Specific Capacitance Energy Density Power Density

(Fg™1) (Whkg—1) Wkg1)
Solid polymer electrolyte (present work) 7.1 10.8 2500
PEO/poly(VA-co-AN) + IL/LiBF, (S5) 80 61 500
PGPE (polyelectrolyte gel polymer electrolyte) 64.92 13.26 2260
Dex-HEC-NH,4Br biopolymer electrolyte 31.7 3.18 922.22

7. Findings and Results Analysis

The present study clearly demonstrates that the concentration of lithium triflate
(LiCF5S03) plays a decisive role in governing the structural, dielectric, and electrochemical
characteristics of the Ghatti gum—Xanthan gum-PVA-based polymer electrolyte system.
Systematic variation of salt content results in noticeable changes in polymer chain arrange-
ment, ion coordination, and charge transport behavior. Structural investigations using
X-ray diffraction (XRD) reveal a progressive reduction in crystalline features with increasing
salt concentration up to 10 wt.%. Fourier transform infrared (FTIR) spectroscopy further
confirms strong interactions between Li* ions and the functional groups of the polymer
host, particularly through coordination with oxygen-containing moieties. These interac-
tions promote effective salt dissociation and stabilize mobile charge carriers within the
electrolyte network. Impedance results show that the TF10 composition (10 wt.% LiCF3503)
exhibits the higher ionic conductivity of 2.73 x 107> S cm ™! at room temperature. The
frequency-dependent conductivity spectra obey Joshner’s universal power law which
indicates the presence of long-range dc conduction. Temperature-dependent conductivity
follows Arrhenius behaviour with a low activation energy of 0.15 eV. The observed trans-
port behaviour is consistent with the Correlated Barrier Hopping (CBH) model which is
commonly associated with disordered polymer electrolyte systems.

Electric modulus analyses provide additional insight into charge transport dynam-
ics. The modulus representation effectively suppresses electrode polarization effects and
highlights bulk relaxation processes. The TF10 electrolyte exhibits faster conductivity relax-
ation and lower modulus values, confirming efficient ion dynamics and rapid relaxation
behaviour within the polymer matrix. The practical applicability of the optimized elec-
trolyte is evaluated through the fabrication of a symmetric supercapacitor device using the
TF10 membrane. Cyclic voltammetry and galvanostatic charge-discharge measurements
confirm stable electric double-layer capacitor (EDLC) behaviour with minimal resistive
losses. The device delivers a specific capacitance of 7.1 F g~!, along with an energy den-
sity of 2.52 Wh kg~! and a high power density of 2500 W kg~!, demonstrating reliable
electrochemical performance and good rate capability.

8. Conclusions

This work reports the development of a salt-incorporated tri-biopolymer blend elec-
trolyte composed of Ghatti Gum, Xanthan Gum, Polyvinyl Alcohol, and Lithium Triflate
(LiCF35S03) for energy storage applications. The blend electrolytes are synthesized by
the solution casting technique and systematically characterized using XRD, FTIR, and
impedance spectroscopy. The frequency-dependent AC conductivity follows Jonscher’s
universal power law, with the TF10 composition exhibiting the highest ionic conductiv-
ity of 2.73 x 107> Sem~!. Temperature-dependent studies confirm that the conduction
mechanism of TF10 aligns with the Correlated Barrier Hopping (CBH) model and displays
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Arrhenius-type thermal activation. The TF10 sample shows the lower activation energy
(0.15 eV) and supports efficient ion migration. Dielectric and modulus analyses further
reveal the relaxation behavior with a minimum relaxation time of 6.45 x 10~¢ s derived
from tangent loss spectra. Transference number analysis verifies that the predominant
contribution to conductivity arises from ions with negligible electronic transport in TF10.
Electrochemical testing of a supercapacitor fabricated using TF10 demonstrates electric
double-layer capacitive (EDLC) behavior. Cyclic voltammetry yields a specific capacitance
of 71 F g~! at 15 mV s~ !, while galvanostatic charge-discharge measurements provide
energy and power densities of 2.52 Wh kg~! and 2500 W kg !, respectively. Overall, the
results establish TF10 as an efficient and eco-friendly biopolymer-based electrolyte with
strong potential for energy storage devices.
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