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ABSTRACT: To study the behavior of structural dynamics, ionic conductivity and ion transport properties, the gel
polymer electrolytes (GPEs) was developed using polyvinyl alcohol in combination with potassium iodide, dimethyl
sulfoxide, ethylene carbonate, propylene carbonate and tetra-N-propylammonium iodide (C12H28IN), The GPEs were
synthesized via a solution mixing technique, systematically varying the tetra-N-propylammonium iodide concentration
to optimize ionic transport properties. The gel polymer electrolytes (GPEs) preparation was initially dissolving the
potassium iodide and tetra-N-propylammonium iodide in a measured combination of ethylene carbonate, propylene
carbonate, and dimethyl sulfoxide within a glass container. Subsequently, polyvinyl alcohol (PVA) was introduced into
the salt solution and continuously stirred at 100○C until a uniform mixture was formed. The solution was then allowed
to cool to 30○C and resulting GPE exhibited a gel-like consistency. Electrochemical impedance spectroscopy (EIS)
was employed to evaluate ionic conductivity, dielectric behavior, and ion transport properties at the temperature of
25○C. X-ray diffraction (XRD) was utilized to investigate the structure of the gel polymer electrolyte. Fourier-transform
infrared (FTIR) spectroscopy was applied to describe the structural interactions between salts and polymer in the GPEs.
Notably, the gel polymer electrolytes containing 30 wt.% tetra-N-propylammonium iodides exhibited a remarkable
ionic conductivity of approximately 9.70 mS cm−1 at the temperature of 25○C.

KEYWORDS: Ionic conductivity; electrochemical impedance spectroscopy; ion transport; gel polymer electrolytes;
tetra-N-propylammonium iodide

1 Introduction
The exploration and development of polymer electrolytes have attracted considerable attention as

potential alternatives to conventional liquid electrolytes in electrochemical energy storage systems such as
lithium-ion batteries, supercapacitors, and dye-sensitized solar cells (DSSCs) [1–3]. Polymer electrolytes
consist of polymer matrices embedded with ionic salts, which facilitate ionic conduction while providing
mechanical stability and improved safety compared to liquid systems [4–6]. Their advantages include
broad electrochemical stability windows, excellent thermal resistance, good mechanical properties, and
significantly reduced leakage risks [7,8].

Polymer electrolytes are generally classified into two main types: solid polymer electrolytes (SPEs)
and gel polymer electrolytes (GPEs), based on their physical structure and interaction with solvents [9,10].
Recent studies have highlighted GPEs as especially promising due to their ability to combine the ionic
conductivity of liquid electrolytes with the mechanical integrity of solids [11]. In GPEs, the polymer matrix
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effectively immobilizes the liquid component, thus enhancing safety by preventing leakage and maintaining
dimensional stability. Notably, GPEs have demonstrated room-temperature ionic conductivity values in the
range of 10−4 to 10−3 S cm−1, approaching the performance of conventional liquid electrolytes [12–14].

A wide variety of host polymers have been investigated for use in GPEs. Commonly studied polymers
include polyvinyl alcohol (PVA), polyacrylonitrile (PAN), polymethyl methacrylate (PMMA), polyvinyli-
dene fluoride (PVDF), and polyethylene oxide (PEO) [15–19]. Among these, PVA has particular interest
due to its desirable characteristics, including high dielectric constant, hydrophilicity, chemical resistance,
non-toxic nature, and excellent thermal and mechanical stability [20–22].

The inclusion of dopant salts in the polymer matrix plays a crucial role in enhancing ionic conductivity
and electrochemical performance. These salts dissociate into mobile ions, facilitating ion transport during
the charge-discharge cycles. The interaction between the polymer host and salt significantly influences both
conductivity and mechanical integrity. Salts with low lattice energy, such as iodide (I−) and metal-based
salts, tend to dissociate more readily in polar polymer matrices, resulting in improved ion transport behavior
[23–25].

In the present work, a gel polymer electrolyte (GPE) system based on polyvinyl alcohol (PVA)
incorporating tetra-N-propylammonium-potassium iodide salts was prepared to examine its effect on ionic
conductivity. The investigation also extended to elucidate the underlying ionic transport mechanism within
the GPE matrix. In addition, X-ray diffraction (XRD) was used to study the structural of the GPE and
Fourier-transform infrared (FTIR) spectroscopy was employed to characterize the structural interactions
between PVA and the incorporated tetra-N-propylammonium-potassium iodide salts, revealing insights into
the polymer-salt dynamic interactions.

2 Methodology

2.1 Gel Polymer Electrolytes Preparation
In this research, the ethylene carbonate (EC) and propylene carbonate (PC) were sourced from Sigma

Aldrich, while dimethyl sulfoxide (DMSO) was obtained from Friendmann Schmidt Chemicals. Tetra-N-
propylammonium iodide (TPAI) and potassium iodide (KI) salts were also supplied by Sigma Aldrich.

For the synthesis of gel polymer electrolytes (GPEs), a specific amount of TPAI and KI was initially
dissolved in a measured combination of EC, PC, and DMSO within a glass container (refer Table 1). Polyvinyl
alcohol (PVA) was subsequently added to the salt solution and stirred continuously at 100○C for 4 h. The
resulting homogeneous mixture was then cooled to 30○C, after which the prepared GPE was stored in a
desiccator containing silica gel to maintain a low-humidity environment and prevent moisture absorption.

Table 1: Composition for GPEs containing various amounts of tetra-N-propylammonium iodide-potassium iodide

Designation Tetra-N-propylammonium iodide Potassium iodide

wt.% Gram wt.% Gram
S0 0.00 0.000 11.82 0.420
S1 3.52 0.126 8.22 0.294
S2 5.88 0.210 5.88 0.210
S3 8.25 0.294 3.54 0.126
S4 11.82 0.420 0.00 0.000
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2.2 Electrochemical Impedance Spectroscopy and Ionic Conductivity
Electrochemical impedance spectroscopy (EIS) was employed to elucidate the electrical properties of

the GPE samples. The impedances were measured using a HIOKI LCR Hi-Tester AC impedance analyzer,
operating within the frequency range of 1 Hz to 100 kHz at the temperature of 25○C. The GPE samples were
sandwiched between two stainless steel blocking electrodes. The ionic conductivity (σ) was calculated by
extracting the bulk resistance (Rb) from the Nyquist plot, based on Eq. (1).

σ = t
Rb A

(1)

The thickness of the gel polymer electrolyte (GPE) is denoted by t, while the bulk resistance, Rb is
determined from the low-frequency x-axis intercept of the Nyquist plot. The A refers to the effective contact
area of the GPE within the cell configuration.

2.3 Ion Transport Properties
In this study, to gain deeper insights into ion transport properties, key transport parameters, including

the diffusion coefficient (D), ionic mobility (μ), and charge carrier number density (n), were scientifically
calculated using the following equations [26]:

D = (k2εr εo A)2

τ2
(2)

μ = eD
kb T

(3)

η = σ
μe

(4)

The relaxation time τ is expressed as τ = 1/ω, where ω represents the angular frequency corresponding
to the intercept point at the apex of the Nyquist plot. The symbol kb denotes Boltzmann’s constant, while
e is the fundamental electric charge constant (1.602 × 10−19 C). The term k2 is defined as the reciprocal of
capacitance C, with C obtained through Nyquist plot fitting analysis. The vacuum permittivity is given by
ε0 = 8.85 × 10−14 F cm−1, and εr represents the relative permittivity (dielectric constant) of the material.

2.4 X-Ray Diffraction
The crystalline characteristics of the prepared gel polymer electrolytes (GPEs) were investigated by

X-ray diffraction measurements employing a BTX-II Olympus Benchtop diffractometer. The diffraction
patterns were recorded using Cu Kα radiation, which possesses a wavelength of 1.5406 Å.

2.5 Fourier Transform Infrared (FTIR) Spectroscopy
The identification of functional groups present in the gel polymer electrolyte, including alkyl, hydroxyl,

and amino moieties, was performed using Fourier-transform infrared (FTIR) spectroscopy. In this study,
a Nicolet iS10 spectrophotometer (Thermo Scientific) was employed for spectral acquisition. The measure-
ments were conducted over the wavenumber range of 4000 to 650 cm−1, with resolution of 2 cm−1.
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3 Results and Discussion

3.1 Ionic Conductivity and Ion Transport Properties Analysis
Aziz et al. [27] previously examined the ionic conductivity behavior of poly (vinyl alcohol) (PVA)-based

gel polymer electrolytes (GPEs) incorporating varying concentrations of potassium iodide (KI) at ambient
temperature. Their findings revealed that a composition containing 35 wt.% KI demonstrated the highest
ionic conductivity, reaching almost at 13 mS cm−1. Motivated by these results, the present investigation
extends this work by incorporating a quaternary ammonium-potassium iodide complex, specifically tetra-
N-propylammonium potassium iodide, into the PVA matrix to assess its influence on the electrical properties
of the resulting GPE.

Impedance spectroscopy was employed to determine the bulk resistance (Rb), extracted from the
semicircular region of the complex impedance (Nyquist plot). These plots were modeled through iterative
parameter fitting to achieve accurate representation, as illustrated in Fig. 1. Each impedance profile exhibited
a characteristic tilted spike, indicative of a parallel combination of resistive and capacitive elements. This
behavior is commonly attributed to the presence of a constant phase element (CPE), often described as a
“leaky capacitor” or bulk capacitance, in series with Rb. The orientation of the spike along the imaginary
axis is typically associated with interfacial polarization phenomena at the electrode-electrolyte boundary,
consistent with observations reported by Mazuki et al. [26].

Figure 1: (Continued)
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Figure 1: Nyquist plot for the GPEs containing various amounts of tetra-N-propylammonium iodide-potassium iodide

The real (Zr) and imaginary (Zi) components of impedance were modeled using the following
relationship:

Zr = R +
cos ( π p

2 )
k−1

2 ωp2
(5)

Zi =
sin ( π p

2 )
k−1

2 ωp2
(6)

here, R denotes the bulk resistance, p represents the depression angle reflecting non-ideal capacitive behavior,
k−1 corresponds to the effective capacitance due to the electrical double layer (EDL), and ω is the angular
frequency (2πf). A noticeable reduction in Rb was observed with variation TPAI-KI content, which is
attributed to the enhanced concentration and mobility of ionic charge carriers [26].

The dielectric response of polymer electrolyte systems complexed with tetra-N-propylammonium-
potassium iodide salts was investigated to understand interfacial polarization and charge dynamics.
Dielectric constant (εr) variations across frequency at ambient conditions are presented in Fig. 2, which
clearly indicates a downward trend with increasing frequency. This decline is attributed to the reduced
ability of dipolar and space charge polarization to follow the rapidly alternating electric field at higher
frequencies. At lower frequencies, charge carriers tend to accumulate at the electrode-electrolyte interface,
enhancing polarization. However, this effect diminishes at higher frequencies due to the periodic field
reversal [28]. All GPE compositions exhibited similar behaviour, confirming that interfacial effects dominate
the dielectric response in the low-frequency region. Additionally, Nyquist plots revealed only a characteristic
spike without a semicircular arc, suggesting minimal bulk contribution and highlighting predominant
electrode polarization, which consistent with previous similar polymer–salt systems [21,22].
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Figure 2: Frequency dependence of the dielectric constant for GPEs at 25○C

The ion transport behavior in the gel polymer electrolyte (GPE) system was analyzed through
impedance spectroscopy using Nyquist plot fitting. Key transport parameters, namely the diffusion coeffi-
cient (D), ionic mobility (μ), and ion number density (η), were extracted based on the low-frequency spike
characteristic of electrode polarization (refer Table 2). As illustrated in Fig. 3a,b, both μ and D values declined
upon the addition of tetrapropylammonium iodide (TPAI) to the polymer electrolyte system. The observed
decrease in ionic mobility and diffusivity is primarily associated with the bulky nature of the TPA+ cation,
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which impedes the segmental motion of the polymer chains and restricts the free volume available for ion
migration [12,13]. Furthermore, the strong electrostatic interaction between the quaternary ammonium ions
and polymer backbones may reduce the flexibility of the host matrix, thereby limiting ion dissociation and
transport [25]. An increase in TPAI content can also promote ion association or clustering, resulting in a
lower population of free charge carriers contributing to ionic conduction [14,29].

Table 2: Conductivity and transport properties for S0, S1, S2, S3 and S4

Designation Conductivity,
σ (×10−3 S

cm−1)

Diffusion
coefficient,

D (×10−6

cm2 s−1)

Mobility, μ
(×10−5 cm2

V−1 s−2)

Number
density, η

(×1020 cm−3)

S0 12.50 ± 0.13 1.84 ± 0.09 7.17 ± 0.36 9.88 ± 0.49
S1 9.70 ± 0.41 1.98 ± 0.10 7.70 ± 0.39 8.84 ± 0.44
S2 7.58 ± 0.46 1.24 ± 0.06 4.83 ± 0.24 8.52 ± 0.43
S3 7.05 ± 0.37 1.10 ± 0.06 4.58 ± 0.23 8.59 ± 0.43
S4 6.23 ± 0.43 0.48 ± 0.02 1.88 ± 0.09 8.54 ± 0.43

Figure 3: (a) Diffusion coefficient (D), (b) mobility (μ), and (c) number density of charge carriers (η) for GPEs
containing various amounts of tetra-N-propylammonium iodide at 25○C

Fig. 3c presents the variation in number density of charge carrier (η) as a function of tetra-n-
propylammonium iodide (TPAI) concentration in the gel polymer electrolyte (GPE) system. An initial KI
content leads to a rise in charge carrier density, attributed to enhanced salt dissociation and the generation
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of mobile ions as shown by S1 sample. However, beyond the addition of TPAI concentration, a decline in
charge carrier density is observed. This reduction is primarily due to ion-pairing and the formation of neutral
aggregates, which effectively reduce the number of free charge carriers. Furthermore, the bulky tetra-n-
propylammonium cations exhibit lower mobility due to steric hindrance, impeding their movement through
the polymer matrix. This limitation not only restricts ionic transport but also contributes to ion aggregation,
ultimately diminishing both the charge carrier density and the overall ionic conductivity of the system [12].

Table 3 presents the bulk resistance (Rb, Ω) and conductivity (σ , S cm−1) values for samples S0, S1, S2, S3,
and S4 at three different temperatures: 25○C, 60○C, and 90○C. The data clearly indicate that as the temperature
increases, the bulk resistance (Rb) decreases while the ionic conductivity increases. This behavior suggests
that higher thermal energy enhances the mobility of charge carriers within the gel polymer electrolyte
(GPE). The increase in ionic mobility with temperature is consistent with the thermally activated conduction
mechanism, where ions able to overcome potential barriers more easily at elevated temperatures [27].
Consequently, the observed improvement in conductivity at higher temperatures demonstrates that the
developed GPE exhibits good thermal stability and able to sustain efficient ionic transport under elevated
operating conditions. This characteristic makes the GPEs promising for electrochemical devices, particularly
those that are required to function reliably at high temperatures [27].

Table 3: Bulk resistance and conductivity at 25○C, 60○C and 90○C for S0, S1, S2, S3 and S4

Designation Bulk resistance, Rb (Ω) Conductivity, σ (×10−3 S cm−1)

Rb25 Rb60 Rb90 σ25 σ60 σ90

S0 11.36 7.58 5.08 12.50 18.70 27.90
S1 14.59 9.07 5.47 9.70 15.60 25.90
S2 18.69 11.52 6.47 7.58 12.30 21.90
S3 20.00 13.32 7.63 7.05 10.60 18.60
S4 22.72 12.50 7.58 6.23 11.34 18.71

For comparison, Table 4 presents the ionic conductivity values (σ) reported in earlier and recent
studies at room temperature (25○C). Gel polymer electrolytes (GPEs) prepared using polymers such as
polyacrylonitrile (PAN), polyurethane acrylate (PUA), and polymethyl methacrylate (PMMA) generally
exhibit conductivities in the range of 0.05 to 3.30 × 10−3 S cm−1. In contrast, when polyvinyl alcohol (PVA) is
employed as the host polymer, significantly higher conductivity values have been achieved, exceeding 6.60
× 10−3 S cm−1. This suggests that PVA possesses considerable potential as a host polymer for developing
high-performance gel polymer electrolytes in various electrochemical devices [27].

Table 4: Comparison of conductivity value with previous work

Gel polymer electrolytes Conductivity, σ (×10−3 S cm−1) Reference
PAN-TPAI 3.62 [12]
PUA-TPAI 0.05 [25]

PMMA-TBAI 3.25 [23]
PVA-TBAI-KI 6.64 [10]
PVA-TPAI-KI 9.70 Recent work
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3.2 XRD Analysis
According to Fig. 4, a broad amorphous peak is observed at approximately 2θ ≈ 20○, for the S0 (100 wt.%

KI), S1 (30:70 wt.% TPAI-KI) and S4 (100 wt.% TPAI). The experimental XRD patterns are accompanied
by red fitting lines, confirming a strong agreement between the measured data and the fitted curves. The
presence of this broad halo indicates that the gel polymer electrolytes (GPEs) undergo a structural trans-
formation from a semi-crystalline to a predominantly amorphous phase. Such an amorphous arrangement
reduces the degree of polymer chain packing and increases the free volume within the electrolyte matrix,
thereby creating more flexible pathways for ion migration. This structural modification is directly associated
with improved ionic conductivity, as the enhanced segmental motion of polymer chains facilitates faster ion
transport [30].

Figure 4: XRD pattern for S0 (100 wt.% KI), S1 (30:70 wt.% TPAI-KI) and S4 (100 wt.% TPAI)

3.3 Fourier Transform Infrared (FTIR) Analysis
Fig. 5a illustrates the FTIR spectral profiles of PVA-based gel polymer electrolytes containing the various

amount of tetra-N-propylammonium iodide-potassium iodide within the wavenumber range of 3700–
3100 cm−1. The O–H stretching vibrations were identified at 3400, 3411, 3415, 3417, and 3419 cm−1 for samples
S0, S1, S2, S3, and S4, respectively. Accordingly, the noticeable shift in all samples showing the significant
interaction of the polyvinyl alcohol with the tetra-N-propylammonium iodide-potassium iodide [11].

Further FTIR analysis, depicted in Fig. 5b,c, was conducted in the regions 1850–1750 cm−1 and 1250–
1150 cm−1 to evaluate the C=O and C–O–C functional groups, respectively. The characteristic absorption
bands are summarized in Table 5. The C=O stretching bands initially present at 1771 and 1790 cm−1 (S0
sample) remained essentially unchanged (S4 sample), indicating that the interaction PVA-based gel polymer
electrolytes with tetra-N-propylammonium iodide-potassium iodide primarily affects the ether linkages
rather than the carbonyl functionalities. In contrast, upon introduction of the tetra-N-propylammonium
iodide-potassium iodide, the C–O–C stretching vibrations observed in the S0 sample (1165 and 1184 cm−1)
underwent a discernible shift for the S3 sample (1167 and 1187 cm−1), suggesting chemical interaction [11].
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Figure 5: FTIR spectra (a) 3100–3700 cm−1 (b) 1850–1750 cm−1 and (c) 1250–1150 cm−1 for GPEs containing various
amounts of tetra-N-propylammonium iodide

Table 5: Assignment of bands for S0, S1, S2, S3 and S4

Wavenumber (cm−1)

Assignment of bands S0 S1 S2 S3 S4
O–H 3400 3411 3415 3417 3419
C=O 1771, 1790 1774, 1796 1773, 1796 1772, 1797 1772, 1797

C–O–C 1165, 1184 1164, 1183 1167, 1183 1166, 1182 1165, 1181
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4 Conclusion
Gel polymer electrolytes (GPEs) based on polyvinyl alcohol (PVA), potassium iodide (KI), and tetra-

N-propylammonium iodide (TPAI) were successfully synthesized using a solution mixing technique. The
systematic variation of TPAI concentration demonstrated a significant impact on the structural dynamics
and ion transport behavior of the GPEs. The sample containing 30 wt.% TPAI exhibited the highest
ionic conductivity of 9.70 mS cm−1 at 25○C, indicating enhanced ion mobility and favorable dielectric
properties. The XRD analysis of the gel polymer electrolytes indicates an amorphous structure, which
contributes to enhanced conductivity. FTIR analysis confirmed strong interactions among PVA, TPAI,
and KI, contributing to the formation of a well-coordinated ionic environment within the polymer
matrix. These findings highlight the potential of TPAI-incorporated PVA-based GPEs for high-performance
electrochemical applications.
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