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polymer electrolytes often suffer from limited ion mobility and poor interfacial contact.
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To overcome these limitations, this study investigates the effect of incorporating the
ionic liquid 1-ethyl-3-methylimidazolium trifluoromethanesulfonate ([EMIM][OTf])
into a gel polymer electrolyte based on poly(1-vinylpyrrolidone-co-vinyl acetate) [P(VP-
co-VAc)]. The objective of this work is to examine how varying the ionic liquid content
influences the electrical and structural properties of the electrolyte. By optimizing the
composition, a maximum ionic conductivity of 4.92 x10-3 S/cm was achieved at 20 wt.%
[EMIM][OTf]. X-ray diffraction analysis revealed that the improved conductivity is
associated with reduced crystallinity, which facilitates ion transport. This study offers

Keywords: new insights into the role of [EMIM][OTf] in enhancing the amorphous character and
lonic liquid; Gel polymer electrolyte; ion mobility of P(VP-co-VAc)-based electrolytes, thereby contributing to the design of
Electrochemical impedance safer and more efficient gel polymer electrolytes for advanced energy storage
spectroscopy, lonic conductivity applications.

1. Introduction

The urgent need to reduce greenhouse gas emissions and transition to sustainable energy sources
has gained significant attention. The International Energy Agency (IEA) underscores the importance
of shifting to low-carbon electricity sources, especially renewable energy, to lessen the
environmental impact of increasing electricity demand. Consequently, investments in renewable
energy technologies such as wind and solar power have surged, as these are expected to play a crucial
role in meeting the growing electricity needs. Additionally, the integration of energy storage devices
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can improve the efficiency, reliability, and sustainability of the energy system by allowing excess
power generated from renewable sources to be stored [1-3].

Energy storage devices generally consist of electrodes and electrolytes, where the electrolyte
serves as the ion transport medium. Conventional liquid electrolytes based on organic solvents
exhibit high ionic conductivity but pose significant safety risks such as flammability, leakage, and
instability at elevated temperatures [4-6][7]. To mitigate these issues, solid-state polymer
electrolytes (PEs) have been explored owing to their flexibility, non-volatility, and improved safety
[8-10]. Nevertheless, their low room-temperature ionic conductivity (108-10"> S cm™) and poor
interfacial contact with electrodes limit their electrochemical performance. Gel polymer electrolytes
(GPEs), which combine the mechanical stability of solid PEs with the ionic mobility of liquids, offer a
promising alternative, typically achieving conductivities in the range of 10°-103S cm™[11,12][13]

To further enhance the ionic conductivity and electrochemical stability of GPEs, the incorporation
of ionic liquids (ILs) has gained significant attention [14][15,16]. ILs are molten salts with negligible
vapor pressure, high ionic content, and wide electrochemical windows, making them suitable
candidates for next-generation electrolytes. Previous studies have primarily focused on ILs such as
[BMIM][PFs] and [EMIM][BF4]; however, these systems often face limitations including phase
separation, reduced mechanical integrity, or restricted ion transport at high IL loadings [17,18]. The
triflate-based ionic liquid, 1-ethyl-3-methylimidazolium trifluoromethanesulfonate ([EMIM][OTf]),
offers higher thermal and electrochemical stability, yet its interaction with copolymer hosts such as
poly(1-vinylpyrrolidone-co-vinyl acetate) [P(VP-co-VAc)] has not been systematically investigated.

Therefore, the objective of this study is to examine the influence of [EMIM][OTf] on the electrical
and structural properties of P(VP-co-VAc)-based gel polymer electrolytes, focusing on the
relationship between ionic liquid content, crystallinity, and ionic conductivity. This work uniquely
explores the synergistic effects of [EMIM][OTf] and the P(VP-co-VAc) copolymer system,
demonstrating how an optimal IL concentration can enhance ion transport by promoting amorphous
regions within the polymer matrix. The findings contribute new insights toward the rational design
of high-performance, safer gel electrolytes for energy storage applications.

2. Experimental Methodology
2.1 Material

Poly (1-vinylpyrrolidone-co-vinyl acetate) P(VP-co-VAc), sodium trifluoromethanesulfonate
(NaOTF), ethylene carbonate (EC), propylene carbonate (PC), and 1-ethyl-3-methylimidazolium
trifluoromethansulfonate (EMIM OTf) ionic liquid were purchased from Sigma-Aldrich, Malaysia.

2.2 Formulation of polymer electrolytes-employed EMIM Otf and Characterizations

Polymer electrolytes were formulated using a gelation technique by mixing 0.5 g of P(VP-co-VAc)
into a solution containing 0.5 g of NaOTF dissolved in 1.0 g of an EC:PC binary solvent in an equal
ratio. After P(VP-co-VAc) was fully dissolved in the solution under stirring and heating at 40 °C, 10 wt.
% of the ionic liquid EMIM OTf was added dropwise to the mixture. The mixtures were then stirred
for 1 hour at 40 °C until homogeneous gels were obtained. The polymer electrolytes were then cooled
to room temperature and were ready for testing. This experiment was repeated using different wt.
% of the ionic liquid EMIM OTf, as shown in Table 1.
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Table 1
Composition of formulated polymer electrolytes
Electrolytes P(VP-co-VAc), wt. % NaOTf, wt. % EMIM OTf, wt. %

PPV-§ 50 50 -
PPVIL-10 45 45 10
PPVIL-20 40 40 20
PPVIL-30 35 35 30
PPVIL-40 30 30 40

The formulated polymer electrolytes were then prepared for testing using electrochemical
impedance spectroscopy (EIS) analysis. The EIS studies were conducted to evaluate the electrical
performance of the polymer electrolytes based on their conductivity values. EIS testing was carried
out using a HIOKI LCR Hi-Tester Model 3532-50 over a frequency range of 50 Hz to 5 MHz at 25 ¢C.
The samples were placed into a coin cell with a hole area, A, of 2.0 cm? and a thickness, /, of 2.9 mm.
The samples were then positioned between two stainless steel blocking electrodes. The conductivity,

o, was calculated using Eq. 1.
l

o= RpxA ()
where, Ry is bulk resistance (Q) of the samples obtained from EIS studies.

The structural crystallinity and phase purity of the polymer electrolytes were confirmed by an
Empyrean X-ray diffractometer (PANalytical). This analysis was done from the 28 range of 52 to
802.The crystallite size broadening of the samples can be calculated by using the Scherrer equation

as follow:

KA
Bao = 2ose (2)

where Bjs is the average of the ordered (crystalline) domain, K is a dimensionless shape factor
(typically K = 0.9), A is the X-ray wavelength, 8 is the line broadening at half the maximum intensity
(FWHM), and ¥ is the Bragg angle.

3. Results and Discussion
3.1 Electrochemical analysis of the polymer electrolytes

Figure 1 shows the Cole-Cole impedance plots obtained from the electrochemical impedance
spectroscopy (EIS) analysis. In the graph, the intersection with the real axis represents the bulk
resistance of the samples [19]. The bulk resistance (R») values for the polymer electrolytes without
ionic liquid (PPV-S) and those with ionic liquid (PPVIL-10, PPVIL-20, PPVIL-30, and PPVIL-40) are
102.77, 32.72, 28.50, 29.77, and 39.06 Q, respectively, as summarized in Table 2.
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Fig. 1. Cole-Cole impedance plot of the polymer electrolytes-
employed ionic liquid

Table 2
Electrochemical parameters of polymer electrolytes-employed ionic liquid
Bulk lonic Activation
Electrolytes resistance, conductivity, energy, Ea  R-squared
Ry (Q) o (S/cm) (eV)

PPV-S 102.77 1.21x10-3 0.190 0.996
PPVIL-10 32.72 4.28 x 103 0.186 0.988
PPVIL-20 28.50 4.92 x 103 0.172 0.996

igPPVIL-30 29.77 4.70 x 103 0.177 0.995
PPVIL-40 39.06 3.58 x10-3 0.189 0.994

The conductivity, o, was calculated using Eqg. (1). The addition of [EMIM][OTf] markedly
increased ionic conductivity, reaching a maximum of 4.92 x 102 S c¢cm™ for PPVIL-20. This
enhancement can be attributed not only to the reduction in polymer crystallinity but also to the
specific ion—polymer interactions introduced by the ionic liquid. Mechanistically, [EMIM][OTf]
functions as a dual charge carrier system, where both the cation ([EMIM]*) and anion ([OTf]")
participate in ion transport. When incorporated into the polymer matrix, the bulky asymmetric
[EMIM]* cations interact with the carbonyl (C=0) and lactam (—C—N-) groups of P(VP-co-VAc) through
ion—dipole interactions. These interactions weaken the intra- and intermolecular hydrogen bonding
within the polymer chains, enhancing their segmental mobility. The [OTf]™ anions, being weakly
coordinating, further increase the number of mobile charge carriers by dissociating Na* ions from the

NaOTf salt and forming transient ion pairs with [EMIM]* [20][21][22].
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Fig. 2. Electrochemical impedance spectroscopy (EIS) analysis of the polymer electrolytes-employed ionic
liquid; (a) lonic conductivity trend and (b)Linear relationship between log ionic conductivity and inverse
temperature (1000/T).

Such coordination disrupts local order in the polymer backbone, leading to increased
amorphous character and the formation of continuous ion-conduction pathways. Consequently,
charge transport occurs predominantly via the polymer-segmental motion—assisted ion hopping
mechanism, as supported by the Arrhenius-type temperature dependence (Figure 2b). The linear
behavior with R?> > 0.99 (approximately ~ 1) confirms thermally activated conduction, where
increased chain mobility at higher temperatures facilitates easier migration of charge carriers
[23][24]. The activation energy (Ea) for ion migration can be calculated using the Arrhenius equation
as follows:

o =g exp (Ea /RT) (3)

where g is the pre-exponential factor, R is the gas constant (J/Kmol), and T is the temperature (K).
The Eq values for all the electrolyte samples are reported in Table 2.

The observed conductivity trend (PPVIL-20 > PPVIL-30 > PPVIL-10 > PPVIL-40 > PPV-S)
indicates an optimal ionic-liquid concentration around 20 wt.%. Beyond this level, excess
[EMIM][OTf] leads to ion-pair aggregation and micro-domain formation, which reduce the number
of free mobile ions and block conduction pathways [25]. The lowest E, value (0.172 eV) for PPVIL-
20 further supports that ion motion is facilitated through a combination of segmental relaxation
and local ion hopping, requiring less energy for migration compared to other compositions.

3.2 Structural properties of the formulated polymer electrolytes

The addition of the ionic liquid EMIM OTf plays a major role in reducing the degree of
crystallinity of the host polymer, thus enhancing ion transport and the overall performance of the
polymer electrolytes. Figure 3 displays the XRD spectra of the P(VP-co-VAc) mixture in binary
solvents (labeled as PPV), the polymer electrolyte without ionic liquid (PPV-S), and the optimal
polymer electrolyte containing 20 wt.% of EMIM OTf (PPVIL-20). According to the literature, pure
P(VP-co-VAc) is typically semicrystalline due to its non-uniform molecular weight, showing two
broad humps in its diffractogram [25]. However, only a broad peak is observed in the XRD spectrum
after dissolving the polymer in the binary solvent of EC:PC, indicating an increase in the disordered
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phase of the samples. The original broad peak observed in PPV has shifted in the spectra of PPV-S
and PPVIL-20, as shown in Figure 3. This shift in the broad peaks of the pure polymer may be due
to the disruption of the polymer's microstructure after mixing with salts and ionic liquids.
Additionally, mixing the polymer with the solvent improves molecular crosslinking, leading to the
formation of more homogeneous gels due to the plasticizing effect of the solvents [26]. Thus, the
addition of the solvent reduces the polymer’s tendency to crystallize, resulting in a more flexible
polymer matrix compared to the pure polymer powder [27]. Table 3 summarizes the peak
parameters (20 and FWHM). The increase in FWHM from 4.01° (PPV) to 4.76° (PPVIL-20)
corresponds to reduced degree of crystallinity and increased amorphous phase.

L o ~PPVIL-20
8.!
o

th/.\‘ . PPV-S

Intensity (a.u.)

20 (degree)
Fig. 3. Comparison of XRD spectra between PPV, PPV-S and
PPVIL-20
Table 3
Parameters of FWHM, 28 and T obtained from XRD spectrum
Electrolytes FWHM (°) 29 (°)
PPV 4.01 10.55
PPV-S 453 10.70
PPVIL-20 4.76 10.54

The structural modification is consistent with the conductivity enhancement observed in
EIS. The ionic liquid interacts with both the PVP and PVAc segments: the imidazolium cation of
[EMIM][OTf] forms transient complexes with carbonyl oxygen atoms, while the [OTf]™ anion
disrupts the polymer—salt electrostatic network, creating a more open polymer configuration.
This molecular-level disorder increases the number of hopping sites and facilitates long-range ion
diffusion. Moreover, the bulky [EMIM]* cation acts as a molecular spacer, preventing polymer
chain re-packing and stabilizing the amorphous phase even at higher IL concentrations. These
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cooperative structural and dynamic effects explain why the optimum 20 wt.% [EMIM][OTf]
sample shows both the lowest activation energy and highest ionic conductivity.

4. Conclusions

This study demonstrates that incorporating the ionic liquid 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate ([EMIM][OTf]) into a P(VP-co-VAc)-based gel polymer electrolyte
substantially enhances ionic conductivity and modifies the polymer microstructure. The optimum
composition containing 20 wt.% [EMIM][OTf] exhibited the highest conductivity of 4.92 x 103 Scm™
and the lowest activation energy of 0.172 eV. These improvements originate from the dual function
of [EMIM][OTI]: (i) its ability to plasticize the polymer matrix and increase chain segmental mobility,
and (ii) its capability to dissociate Na* ions from NaOTf salt through ion—dipole interactions between
[EMIM]*/[OTf]” and the carbonyl or lactam groups of the copolymer. The combined effects enhance
amorphousness, facilitate ion hopping, and create more continuous transport pathways within the
polymer matrix. Beyond the quantitative improvements, these results provide theoretical insight into
the ion-transport mechanism of imidazolium-based ionic liquids in copolymer systems; highlighting
the interplay between molecular interactions, polymer dynamics, and charge mobility. The observed
optimum at 20 wt.% suggests a critical balance between ion dissociation and aggregation, where
excessive [EMIMI][OT{] leads to ionic clustering and reduced conductivity. For future work, the
concentration of the ionic liquid and the polymer composition should be further optimized to
improve both conductivity and mechanical strength. Additional studies should evaluate the
electrolyte’s mechanical durability, cycling performance, and long-term stability.
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