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Abstract: The development of gel polymer electrolytes (GPEs) for lithium-ion batteries (LIBs) has
paved the way to powering futuristic technological applications such as hybrid electric vehicles and
portable electronic devices. Despite their multiple advantages, non-aqueous liquid electrolytes (LEs)
possess certain drawbacks, such as plasticizers with flammable ethers and esters, electrochemical
instability, and fluctuations in the active voltage scale, which limit the safety and working span of the
batteries. However, these shortcomings can be rectified using GPEs, which result in the enhancement
of functional properties such as thermal, chemical, and mechanical stability; electrolyte uptake;
and ionic conductivity. Thus, we report on PVDF-HFP/PMMA/PVAc-based GPEs comprising
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-co-HFP) and poly(methyl methacrylate)
(PMMA) host polymers and poly(vinyl acetate) (PVAc) as a guest polymer. A physicochemical charac-
terization of the polymer membrane with GPE was conducted, and the electrochemical performance
of the NCM811/Li half-cell with GPE was evaluated. The GPE exhibited an ionic conductivity of
4.24 × 10−4 S cm−1, and the NCM811/Li half-cell with GPE delivered an initial specific discharge ca-
pacity of 204 mAh g−1 at a current rate of 0.1 C. The cells exhibited excellent cyclic performance with
88% capacity retention after 50 cycles. Thus, this study presents a promising strategy for maintaining
capacity retention, safety, and stable cyclic performance in rechargeable LIBs.

Keywords: gel polymer electrolyte; solution casting; thermal stability; high safety; Li-ion batteries

1. Introduction

In recent years, lithium-ion batteries (LIBs) have become the most extensively uti-
lized portable energy storage devices owing to their numerous advantages, including
low weight, low cost, high energy density, zero memory effect, extended cycle life, and
maximum count of charge/discharge loops [1,2]. However, their shortcomings may have
dire consequences in regard to safety issues, such as the leakage of liquid electrolytes (LEs),
thermal instability, short-circuiting, and reliability associated with LIBs [3–5]. The widely
used LEs of LIBs comprise a combination of lithium salts and organic carbonate solvents,
which maintain good contact with the electrode and have high ionic conductivity and
excellent rate capabilities [6,7]. Despite this, LEs also possess certain limitations, such as a
greater chance of leakage and higher flammability. Meanwhile overheating of the battery
can result in the emission of gases such as CH4, C2H6, and C3H8, historically resulting in
catastrophic thermal accidents [8,9]. Hence, there is considerable demand for the develop-
ment of a more reliable and safer electrolyte for extensive applications, without sacrificing
the electrochemical properties of LIBs [10,11].
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In the search for a highly safe and reliable electrolyte for LIBs, solid polymer elec-
trolytes (SPEs) have gained significant scrutiny owing to their excellent features, including
their free-standing structure, versatility, high flexibility, safety, and reliability [12,13]. Al-
though safety issues and reliability are much improved, the use of SPEs for a wide range of
applications is limited because of the poor electrode wettability and low ionic conductivity
(10 − 8 × 10−5 S cm−1) [14,15]. To enhance the ionic conductivity of polymer electrolytes,
the most effective way is to use low-molecular-weight carbonate solvents with lithium
salts to develop a gel-type polymer electrolyte (GPE). GPEs can also act as a separator by
serving as a physical barrier between the electrodes, exhibiting the cohesive and diffusive
properties of solid and LEs [16–18]. Similar to LEs, GPEs exhibit excellent ionic conductivity
and electrochemical stability [19,20]. GPEs are usually prepared by immersing a porous
polymer membrane in an LE. However, the intrinsic safety issues caused by LEs can be
avoided by using gel and solid-type electrolytes [21–24].

The GPE’s porous polymer membrane is prepared by dissolving the host and guest
polymers in suitable solvents at an appropriate ratio. The emerging candidates for host poly-
mers include poly(ethylene oxide), poly(vinyl chloride), polyacrylonitrile, poly(vinylidene
fluoride)-co-hexafluoropropylene (PVDF-HFP), poly(vinyl alcohol) (PVA), and poly(methyl
methacrylate) (PMMA). Among the polymers, PVDF-HFP appears to be the most promising
polymer host owing to its excellent properties, such as semi-crystallinity, wider electro-
chemical stability, and excellent thermal and mechanical stability. In addition, the low
glass transition temperature (Tg = −62 ◦C) and high dielectric constant (ε = 8.4) serve as
a pathway for a higher dissociation of lithium ions by providing multiple mobile ions
to enter the conduction process [25]. The crystalline part (VDF unit) gives the mechan-
ical strength of the polymer matrix, and the amorphous part (HFP unit) arrests the LE
(LiPF6/LiCF3SO3 with different carbonate solvents), helping enhance ionic conductivity
(1.8 × 10−2 to 5 × 10−2 S cm−1) [26]. PMMA containing 96% amorphous content is prefer-
ably added to increase the ionic movement. The polymer matrix with a high amorphous
nature enables local relaxation and creates segmental motion of the polymer chain for faster
ion transport [27].

Considerable effort has been made to investigate PVDF-HFP/PMMA (PM)-based
GPEs. For instance, Sundaram et al. developed MPPBM by blending PMMA with PVDF-
HFP to investigate the porosity of the resultant polymer membrane. The as-fabricated
MPPBM was found to have better ionic conductivity than MPPBM created using the con-
ventional blending method. The added advantages of the prepared membrane included
higher ionic conductivity, good adhesion to an electrode, and good thermal stability at
high temperatures [28]. Building on this work, Xiao et al. developed a novel “sandwiched”
membrane for use in LIBs comprising a PMMA film sandwiched between two layers of
electrospun PVDF-HFP fibrous films. As a result, a membrane with ionic conductivity
of 1.93 × 10−3 S cm−1 and an improved electrochemical stability of approximately 4.5 V
(vs. Li/Li+), promoting lower activation energy for ion transport, was developed [29].
Meanwhile, Gebreyesus et al. investigated a polymer blend electrolyte comprising PVDF-
HFP and PMMA as the host polymer and LiClO4 as the salt, using the solution casting
method. The resultant polymer blend electrolyte was used in LIBs with an optimized
concentration ratio of PVDF-HFP (75 wt.%), PMMA (25 wt.%), and LiClO4 [30]. Apart
from PM-based electrolytes, PVAc/PMMA-based electrolytes have been widely studied be-
cause of their lower glass transition temperature, which enhances the conductivity [30–32].
In addition to conductivity, PVAc offers better wettability, promoting higher resistance
against dissolution in non-aqueous electrolytes. For instance, Rajendran et al. developed a
PVAc/PMMA-based electrolyte using the casting method, achieving an ionic conductivity
of approximately 1.67 × 10−4 S cm−1 with excellent thermal stability [33]. Meanwhile,
Baskaran et al. followed casting procedures to create a PVAc–PMMA–LiClO4 polymer
blend electrolyte using different salt concentrations. The polymer blend electrolyte con-
taining 20 wt.% LiClO4 had a reported ionic conductivity of 1.76 × 10−3 S cm−1 and
lower activation energy, and was thus found to be the best polymer electrolyte for bat-
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tery applications [34]. Overall, the electrolyte comprising PVDF-HFP and PMMA boasts
enhanced mechanical and chemical stability as well as wettability, but lags in terms of
electrocapacitive outputs, such as lower cyclic stability and poor rate performance [35]. In
contrast, using PVAc-PMMA polymer blend electrolytes results in better electrochemical
performance, but forfeits its mechanical stability [36–39]. Thus, to combine the advantages
of both PM and PVAc–PMMA, PVAc was made with a blend of PM owing to its superior
properties such as easy film formation, excellent mechanical strength, high solubility in LEs,
and low glass transition temperature. In this study, using a simple and efficient solution
casting method, PM, PVDF-HFP/PVAc (PC), and PVDF-HFP/PMMA/PVAc (PMC)-based
highly flexible and porous polymer membranes were fabricated, and then immersed in 1
M LiPF6 in EC/DEC (1:1) LE to obtain highly rigid GPEs. The obtained GPEs exhibited
excellent electrochemical and thermal stability and high lithium-ion conductivities. The
electrochemical performance was analyzed using a CR2032 coin-type half-cell, which was
assembled with LiNi0.8Co0.1Mn0.1O2 (NCM811) as the cathode, lithium metal as the anode,
and PMC-based GPEs; the half cells exhibited excellent rate capability and cycling stability.

2. Materials and Methods
2.1. Materials Used

Commercial LiNi0.8Co0.1Mn0.1O2 (NCM811), which served as the cathode material,
was purchased from L&F Co., Ltd. (Daegu, Korea), while the counter electrode lithium
metal was obtained from Kanto Chemicals Co., Inc. (Tokyo, Japan) The commercial Celgard
2340 separator was purchased from Celgard Ltd. (Cheonan, Korea) The host polymer,
PVDF-HFP, was purchased from Aldrich Chemicals, and the PMMA was purchased from
Daejung Chemicals & Metals Co., Ltd. (Siheung, Korea). The guest polymer, PVAc, was
purchased from Kanto Chemical Co., Inc. N, N-dimethylformamide (DMF) was purchased
from Daejung Chemicals & Metals Co., Ltd., and acetone was purchased from Kanto
Chemicals Co., Inc. (Tokyo, Japan)

2.2. Preparation of PMC Polymer Membrane and Gel Polymer Electrolyte

The PMC polymer membrane was prepared using a simple solution casting method
by varying the concentration of PVDF-HFP, PMMA, and PVAc, as shown in Table 1. PVDF-
HFP was dissolved in an equal mixture of DMF and acetone at 40 ◦C for 2 h. Subsequently,
the PMMA and PVAc polymers were dissolved in an equal mixture of DMF and acetone at
40 ◦C for 2 h under magnetic stirring. Both the polymer solutions were then mixed and
stirred, resulting in a homogenous solution. The resultant polymer solution was transferred
and cast onto a glass plate and dried at 60 ◦C for 12 h. As a result, a freestanding PMC
polymer membrane was obtained, as shown in Figure 1. The optimized PMC polymer
membrane comprised 60 wt.% PVDF-HFP, 20 wt.% PMMA, and 20 wt.% PVAc. To obtain
the final Gelation phase and GPE, this dry polymer membrane was immersed in an LE (1
M LiPF6 in EC/DEC = 1:1, by volume ratio) for 4 h in an argon-filled glove box.

Table 1. Composition of polymers used.

Sample Code
Used Polymers (wt.%)

PVDF-HFP PMMA PVAc

PM 60 40 0
PC 60 0 40

PMC 60 20 20
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Figure 1. Schematic illustration of GPE synthesis.

2.3. Physical and Chemical Characterizations

The morphology of the blended polymer membrane was analyzed using an FE-SEM
analyzer LEO SUPRA 55 equipped with an EDAX spectrometer, Oxford Instruments
(Abingdon, UK). The spectrometer (PerkinElmer, Waltham, MA, USA) was employed to
record the FTIR spectra of the blended polymer membrane. The thermal properties of the
blended polymer electrolytes were investigated via TGA analyzer, Q5000 IR, and DSC
measurements were performed using an auto-modulated differential scanning calorimeter
(Q-1000, TA Instruments, New Castle, DE, USA). The porosity of the membrane was
determined by immersing the dry membrane in the LE, and expressed as follows:

Porosity (%) =
Wwet − Wdry

(ρele)
(

Vdry

) × 100% (1)

where Wwet and Wdry represent the weight of the polymer membrane after and before
immersion in the electrolyte, respectively; ρele represents the density of electrolytes; and
Vdry corresponds to the apparent volume of the dry polymer membrane.

The electrolyte uptake and retention of the prepared polymer membrane were calcu-
lated by measuring the increase in weight of the membrane, as follows:

Electrolyte Uptake (%) =
W − Wo

Wo
× 100% (2)

Electrolyte Retention (%) =
W − Wo

Wo
× 100% (3)

where Wo indicates the weight of the polymer membrane before absorption of the elec-
trolyte, and W indicates the weight of the polymer membrane after absorption of the
electrolyte [40].

2.4. Preparation of Electrodes

The cathode electrode was prepared by the homogenous mixing of NCM811 as the
active material, Denka acetylene black as the conductive agent, and PVDF as a binder in
a mass ratio of 8:1:1. After grinding the materials, N-methyl-2-pyrrolidone solvent was
added dropwise to form a uniform viscous slurry. The obtained slurry was coated onto
battery-grade aluminum foil and dried at 110 ◦C for 5 h in a hot air oven. The dried cathode
was punched into circular disks with a 14-mm diameter die for testing and kept in a vacuum
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oven at 100 ◦C for 5 h to eliminate moisture. The average mass loading of the cathode
active material for all electrodes was approximately 5.3 mg cm−2 and the areal capacity of
the electrode was found to be 1.082 mAh/cm2 while the thickness of the electrode was ~70
µm. The as-fabricated electrode served as a cathode for electrochemical characterization.

2.5. Electrochemical Characterization

All CR2032 coin-type cells were fabricated in an argon-filled glove box with controlled
moisture and oxygen content, kept below 1 ppm. All electrochemical tests were conducted
using an NCM811 as the cathode, lithium metal as the counter electrode, and the prepared
GPE (PMC polymer membrane immersed in 1 M LiPF6 (1:1 EC: DEC) electrolyte) as both
the separator and electrolyte. The electrochemical cycling of the Li/GPE (PMC)/NCM811
half-cell was conducted at 0.1 C in a potential range of 3.0–4.3 V using an ETH cycler. All
electrochemical measurements were performed at 25 ◦C. Linear sweep voltammetric (LSV)
measurements were performed on SS/GPE/Li cells using an electrochemical analyzer
(Iviumstat, Ivium Technologies) between 2.0 and 6.0 V at a scan rate of 1 mV s−1. Electro-
chemical impedance spectroscopy (EIS) was performed with an electrochemical analyzer
in the frequency range of 100 kHz–0.01 Hz, with an amplitude of 5 mV. In addition, the
ionic conductivity was estimated from the EIS data using SS/GPE/SS in EL cells.

3. Results and Discussion

The variations in the morphology of the PMC polymer membrane and PMC GPE
were determined using FE-SEM analysis. Figure 2a,b show the morphology of the PMC
polymer membrane. The PMC polymer membrane initially appeared to be rigid with
PMMA and PVAc attached to it. Figure 2c,d show the morphology of the PMC GPE. After
immersion into the LE for obtaining GPE, the PMMA constituted spherical particles as it
dispersed in the solvent medium. The limited low solvency nature of PMMA is a major
cause of the spherical particle morphology. The fibrous structure morphology seen in
the FE-SEM images is the PVAc in the obtained GPE. In addition, PMMA seemed to be
well incorporated into the PVDF-HFP and the contribution of the fibrous structure by
PVAc polymer, providing the polymer matrix its robustness [41–43]. Moreover, this well-
interconnected architecture provides porous nature to the GPE. The porous nature provides
rich redox sites for Li-ion storage, thereby enhancing the electrochemical performance [44].

The FTIR technique is useful for determining the structural identity of polymers and
blend polymers; the FT-IR spectra of the as-prepared GPE is shown in Figure 3a. The
characteristic peaks at 834 and 870 cm−1 correspond to the amorphous phase of PVDF-HFP.
The bands at 1073 cm−1 were assigned to the CH2 asymmetric stretching vibration of the
PVAc [45]. The band around 1406 cm−1 was attributed to the bending vibration of CH2 in
the PVAc, while the band located at 1728 cm−1 was assigned to the symmetric stretching of
the carbonyl group of PMMA [45–48]. The observed peaks of PVDF-HFP, PMMA, and PVAc
at their corresponding energies confirm the formation of the PMC polymer membrane.

The thermal transitions of the blended polymer membranes were investigated using
DSC measurements. Figure 3b shows the DSC thermograms of PM, PC, and PMC. The
DSC thermogram of PM shows a shift in the glass transition temperature (Tg) at 89 ◦C,
which corresponds to the Tg of amorphous PMMA [46]. Additionally, the crystallization
temperature of the membrane was found to be 141.27 ◦C, which occurred mainly due to the
evolution of the gamma phase in the polymer. The thermogram of the PC complex showed
endothermic transitions at 138.67 and 153.4 ◦C, ascribed to the Tg and melting temperature
of the PVDF-HFP polymer. However, the PMC complex showed a shift in peak, exhibiting
a crystallization temperature at 147.53 ◦C and a melting temperature at 160.87 ◦C. This
implies an increase in the thermal stability of the blended polymer membrane, resulting
from the blending of PVDF-HFP with PMMA and PVAc.
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Figure 3. (a) FTIR spectra of PM, PC, PMC polymer membranes; (b) DSC curves of PM, PC and PMC
polymer membranes; (c) TGA curves of PM, PC and PMC polymer membranes.

TGA was used to determine the thermal stability of each material and its fraction
of volatile components in the GPE by monitoring the weight change that occurred when
a sample was heated at a constant rate, as depicted in Figure 3c. The first decomposi-
tion temperature of the PMC membrane was found at 330–360 ◦C with a weight loss of
14.92%, which was caused by the thermal decomposition of PMMA and the deacetylation
of PVAc. However, the thermal decomposition of PMMA resulted in the production of
free radicals which, combined with successive depolymerization, occurred at higher tem-
peratures [49,50]. The second decomposition temperature at 450–580 ◦C with a certain
degree of weight loss may have been due to the thermal collapse of PVDF-HFP and polyene
backbone degradation [45,51].

Thermal shrinkage behavior describes the ability of the polymer membrane to maintain
its dimensions and integrity at higher temperatures, which is important for avoiding
contact between positive and negative electrodes. To investigate the dimensional stability
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at elevated temperatures, the thermal shrinkage behaviors of the commercial Celgard
separator, PM, PC, and PMC polymer membranes were recorded by placing the membrane
on a hot plate at 100, 140, and 180 ◦C for 30 min, respectively. Figure 4 shows images of
commercial Celgard separator, PM, PC, and PMC polymer membranes’ thermal shrinkage
behavior. At 100 ◦C, Celgard, PC, and PM exhibited slight shrinkage, whereas PMC
retained its dimensions. On increasing the temperature to 140 ◦C, the Celgard and PC
membranes became transparent and shrunken. Further increasing the temperature to 180 ◦C
caused Celgard and the PC membrane to completely lose their dimensions, while the PM
membrane became brittle and started to deform. In contrast, the blended PMC polymer
membrane deviated its dimensions slightly and retained a good degree of structural stability,
proving that the membrane can withstand a higher temperature of 180 ◦C. Thus, it is evident
that the combined effect of both the degree of cross-linking and rigid structure enhance the
structural stability of the PMC polymer membrane. Meanwhile, the excellent/outstanding
preservation of dimensional stability at high temperatures of the PMC GPE is enviable for
sustainable energy storage devices at high temperatures [52].
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temperatures.

The electrolyte uptake characteristics of the PM, PC and PMC polymer membranes
were recorded by soaking the membranes in LE containing 1 M LiPF6 in EC: DEC for
30 min [53]. The analysis of electrolyte uptake involves weight measurements of the
polymer membrane before and after the absorption of the electrolyte. The electrolyte
uptake was found to be approximately 200, 210, 340, and 679 wt.% for Celgard 2320, PM,
PC and PMC polymer membranes, respectively (Table 2). Based on these results, it was
concluded that the addition of PMMA and PVAc to the PVDF-HFP membrane caused
an increase in electrolyte uptake in PMC polymer membranes, which attributed to the
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fibrous and spherical structures of PVAc and PMMA. This enhanced electrolyte uptake
of PMC polymer membranes increases ionic conductivity, proving their suitability as
separators for LIBs. Moreover, the PMC polymer membranes possess a higher electrolyte
retention of 87.16% compared to those of the PM and PC. The PMC polymer membranes
were completely wetted by the electrolyte due to their high porosity and pore volume,
electrolyte-philicity of PVDF-HFP, and hydrophilicity of PMMA and PVAc. The electrolyte
uptake and retention of the PM, PC, and PMC polymer electrolytes are shown in Table 2.

Table 2. Comparison of electrolyte uptake, retention, and porosity of Celgard, PM, PC.

Sample Code Electrolyte Uptake
(%)

Electrolyte
Retention (%) Porosity (%)

Celgard 2340 200 86 38
PM 210 66.67 25.8
PC 340 77.27 39.4

PMC 679 87.16 47

Furthermore, the flexibility and mechanical property of the PMC-based GPE was tested
using physical methods. Figure 5 shows photographs of the PMC polymer membrane
being subjected to flexibility tests at various positions before and after immersion in the LE
for studying its preliminary mechanical properties. The PMC membrane was immersed
in an LE containing 1 M LiPF6 in EC: DEC for 30 min and a flexibility test was conducted.
The PMC-based membranes before and after immersion demonstrated no signs of damage
during various tests such as bending, rolling, and folding, confirming their excellent
flexibility characteristics.
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Figure 6a shows the ionic conductivities of PM, PC, and PMC at various temperatures
using AC impedance spectroscopy. The PMC-based GPE was placed between stainless steel
surfaces to fabricate SS/GPE/SS coin cells. The ionic conductivity can be calculated using:

σ =
L

A Rb
(4)

where L and A are the thickness and area of the membrane, respectively, and Rb is the
bulk resistance from the EIS plot. The PMC exhibited a higher ionic conductivity of
4.24 × 10−4 S cm−1 compared to the ionic conductivities of PM (3.51 × 10−4 S cm−1) and
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PC (2.36 × 10−4 S cm−1). In addition, the ionic conductivity increased with increasing
temperature, according to the Arrhenius equation:

σ = A exp(
−Ea

KT
) (5)

where A denotes the pre-exponential factor; K and T are the Boltzmann constant and
absolute temperature, respectively; and Ea denotes the activation energy. The PMC exhib-
ited a lower activation energy of 0.60 eV compared to the activation energies of PM (1.70
eV) and PC (1.24 eV), promoting high lithium-ion transport to the PMC. With increasing
temperature, the PMC membrane can expand and create a freer volume phase, resulting in
increased polymer chain mobility, which in turn significantly enhances the transfer of ionic
charge carriers. This appears to be the main factor contributing to higher ionic conduction
in the PMC.
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The LSV measurements of the PM, PC, and PMC GPEs were performed to determine
their electrochemically active working potential stability window. Figure 6b shows the
LSV curves of the PM, PC, and PMC in the voltage range of 2.0–6.0 V at a scan rate of
1 mV s−1. To function well, a good separator film must not undergo a redox reaction under
the battery working conditions. As the energy density and voltage of the new generation of
batteries increase, the separator film also faces the challenge of bearing a high voltage. The
electrochemical window of 0–5.0 V is a new requirement for the separator film. As shown
in Figure 6b, the oxidation potential of the PMC is 5.7 V, while that of the PM and PC are
5.2 and 5.3 V, respectively. This improved electrochemical voltage stability is attributed
to the formation of a GPE, comprising a PMC separator film and LE. The gelation of the
electrolyte makes it more difficult to decompose. For LIBs, better electrochemical stability
implies a smaller polarization current during high-voltage charging and discharging, thus
resulting in better cycling performance.

Figure 7a–c show the galvanostatic charge/discharge profiles of the NCM811/Li
half-cell using PM-, PC-, and PMC-based GPEs. At a current rate of 0.1 C, the PMC’s
initial specific discharge capacity was found to be around 204 mAh g−1, while the PM
and PC delivered specific discharge capacities of 195 and 184 mAh g−1, respectively. The
increased specific capacity of the PMC compared to that of the PM and PC was due to
the synergetic effect of all three polymers. Figure 7d–f show the cycling performance and
Coulombic efficiency of the PMC, PM, and PC at 0.1 C. For all three membranes, the initial
specific charge capacity was high, resulting in low Coulombic efficiency during the initial
cycles because of the irreversible electrochemical reaction. However, after some cycles, the



Nanomaterials 2022, 12, 1056 10 of 14

Coulombic efficiency was maintained at 100%, demonstrating that the cycling performance
was balanced and reversible.
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Furthermore, a rate capability study was performed for the PM, PC, and PMC with
current rates of 0.1, 0.2, 0.5, 1, and 2 C within the voltage window of 3.0–4.3 V, as shown in
Figure 8a. A durable and stable rate capacity was observed at different charge/discharge
rates for the PMC GPE membrane compared to the other two. The obtained reversible
capacities were 204, 185, 167, 145, and 114 mAh g−1 at 0.1, 0.2, 0.5, 1, and 2 C, respectively,
for the PMC GPE membrane. This was higher than those observed for the PM and PC.
When the current rate decreased to 0.1 C, the specific discharge capacity of 183 mAh g−1

was recoverable and sustainable after 30 cycles without any major loss, indicating that
the PMC GPE remained extremely stable during the extended rate cycling process. Such
outstanding rate performance makes the porous polymer electrolyte membrane a favorable
and promising candidate for high-performance LIBs. In addition, the rate capability of the
PMC GPE was compared with that of a commercial Celgard separator using LE, as depicted
in Figure 8b. The PMC GPE exhibited a discharge capacity of 204 mAh g−1, mainly owing
to the activation of amorphous segments in the polymer membrane. The discharge capacity
of LE was found to be 213 mAh g−1, which was slightly higher than that of the PMC GPE.
The discharge capacity of LIBs depend on the cathode material employed; however, the
electrolyte uptake and ionic conductivity of the electrolytes also influence the capacity of
the battery. A higher percentage of LE uptake can wet electrode materials more sufficiently,
helping to achieve high ionic conductivity for electrochemical reactions. Moreover, the
unique structure of the PMC porous membrane can help to seal electrolytes and facilitate
ion transportation, resulting in less capacity loss during the discharge and charge processes.

Figure 8c shows the cycling performance of the LE and GPE. From the graph, it is
evident that the GPE exhibits almost equal capacity retention compared to that of the
LE. For comparison, the GPE exhibited an initial capacity of approximately 204 mAh g−1.
After 50 cycles, there was still a reversible capacity of 181 mAh g−1 remaining with a
capacity retention of approximately 88%, while the LE with the Celgard separator retained
a reversible capacity of approximately 190 mAh g−1 with a capacity retention of 89%. Thus,
the prepared PMC (GPE) serves as an excellent electrolyte-cum-separator for LIBs, which is
attributed to the combined effects of the PVDF-HFP, PMMA, and PVAc.
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The results of the surface morphological analysis of the cycled GPE, bare NCM811 and
cycled NCM811 electrodes are shown in Figure 9a–f. After the prolonged cycling of LIBs,
the surface of the gel polymer electrolyte remains rougher with agglomerates and pores,
which may be due to the transportation of lithium into the polymer membrane [6], as shown
in Figure 9a. Figure 9c,d represent the morphology of the uncycled NCM 811 electrode
with agglomerated structure. After cycling for 50 cycles, the NCM811 electrode appeared
to decompose into smaller particles with a less porous structure, as shown in Figure 9e,f.
The lower porosity is attributed to SEI formation arising from repeated cycling [7].
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4. Conclusions

In this study, PMC GPE was prepared using the simple solution casting method.
The combination of the three polymer matrices was found to improve the polymer mem-
brane characteristics such as porosity, electrolyte uptake, and electrolyte retention. The
as-prepared PMC GPE delivered an ionic conductivity of 4.24 × 10−4 S cm−1 with a lesser
activation energy of 0.60 eV and wider electrochemical window of 5.7 V. Furthermore,
owing to the remarkable compatibility of the PMC-based GPE with lithium metal and
the improved oxidative stability with the cathode, the assembled NCM811/Li half-cell
demonstrated an initial discharge specific capacity of 204 mAh g−1 at 0.1 C, with a capac-
ity retention of 88% after 50 cycles and 100% Coulombic efficiency at room temperature,
25 ◦C. The improved porosity and thermal and electrochemical stability of the PMC GPE
membrane make it a promising candidate for next-generation high-performance LIBs.

Author Contributions: Conceptualization, methodology, validation, investigation, writing—original
draft preparation, D.M.; validation, formal analysis, N.S.; formal analysis, S.P., M.N., C.W.H., M.V.K.
and T.K.; writing—review and editing, supervision, project administration, funding acquisition,
C.W.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Next Generation Engineering Researcher Program
of the National Research Foundation of Korea (NRF) funded by the Ministry of Science and ICT
(No. 2017H1D8A2031138) and by the National Research Foundation of Korea (NRF) funded by
the Ministry of Science and ICT (No. 2020K1A3A1A48111073). It was also supported by the Korea
Institute for Advancement of Technology (KIAT), funded by the Ministry of Trade, Industry & Energy
(MOTIE) of Korea (No. P0017363).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kang, H.S.; Santhoshkumar, P.; Park, J.W.; Sim, G.S.; Nanthagopal, M.; Lee, C.W. Glass ceramic coating on LiNi0.8Co0.1Mn0.1O2

cathode for Li-ion batteries. Korean J. Chem. Eng. 2020, 37, 1331–1339. [CrossRef]
2. Nanthagopal, M.; Santhoshkumar, P.; Shaji, N.; Sim, G.S.; Park, J.W.; Senthil, C.; Lee, C.W. An encapsulation of nitrogen and

sulphur dual-doped carbon over Li[Ni0.8Co0.1Mn0.1]O2 for lithium-ion battery applications. Appl. Surf. Sci. 2020, 511, 145580.
[CrossRef]

3. Wang, X.; Liu, Z.; Tang, Y.; Chen, J.; Mao, Z.; Wang, D. PVDF-HFP/PMMA/TPU-based gel polymer electrolytes composed of
conductive Na3Zr2Si2PO12 filler for application in sodium ions batteries. Solid State Ion. 2021, 359, 115532. [CrossRef]

4. Rosdi, A.; Zainol, N.H.; Osman, Z. Ionic transport and electrochemical stability of PVDF-HFP based gel polymer electrolytes. AIP
Conf. Proc. 2016, 1711, 050003. [CrossRef]

5. Dharai, C.; Jena, S. Conformational Study of Polyelectrolytes. Master’s Thesis, NIT Rourkela, Rourkela, India, 2012.
6. Xu, G.; Zhao, M.; Xie, B.; Wang, X.; Jiang, M.; Guan, P.; Han, P.; Cui, G. A rigid-flexible coupling gel polymer electrolyte towards

high safety flexible Li-Ion battery. J. Power Sources 2021, 499, 229944. [CrossRef]
7. Ye, X.; Xiong, W.; Huang, T.; Li, X.; Lei, Y.; Li, Y.; Ren, X.; Liang, J.; Ouyang, X.; Zhang, Q.; et al. A blended gel polymer electrolyte

for dendrite-free lithium metal batteries. Appl. Surf. Sci. 2021, 569, 150899. [CrossRef]
8. Costa, C.M.; Silva, M.M.; Lanceros-Méndez, S. Battery separators based on vinylidene fluoride (VDF) polymers and copolymers

for lithium ion battery applications. RSC Adv. 2013, 3, 11404–11417. [CrossRef]
9. Le Mong, A.; Shi, Q.X.; Jeon, H.; Ye, Y.S.; Xie, X.L.; Kim, D. Tough and Flexible, Super Ion-Conductive Electrolyte Membranes for

Lithium-Based Secondary Battery Applications. Adv. Funct. Mater. 2021, 31, 2008586. [CrossRef]
10. Shaji, N.; Santhoshkumar, P.; Nanthagopal, M.; Senthil, C.; Lee, C.W. Electrochemical performance of porous CaFe2O4 as a

promising anode material for lithium-ion batteries. Appl. Surf. Sci. 2019, 491, 757–764. [CrossRef]
11. Nanthagopal, M.; Santhoshkumar, P.; Shaji, N.; Praveen, S.; Kang, H.S.; Senthil, C.; Lee, C.W. Nitrogen-doped carbon-coated

Li[Ni0.8Co0.1Mn0.1]O2 cathode material for enhanced lithium-ion storage. Appl. Surf. Sci. 2019, 492, 871–878. [CrossRef]
12. Hosseinioun, A.; Nürnberg, P.; Schönhoff, M.; Diddens, D.; Paillard, E. Improved lithium ion dynamics in crosslinked PMMA gel

polymer electrolyte. RSC Adv. 2019, 9, 27574–27582. [CrossRef]
13. Liang, S.; Yan, W.; Wu, X.; Zhang, Y.; Zhu, Y.; Wang, H.; Wu, Y. Gel polymer electrolytes for lithium ion batteries: Fabrication,

characterization and performance. Solid State Ion. 2018, 318, 2–18. [CrossRef]
14. Choudhury, S.; Stalin, S.; Vu, D.; Warren, A.; Deng, Y.; Biswal, P.; Archer, L.A. Solid-state polymer electrolytes for high-performance

lithium metal batteries. Nat. Commun. 2019, 10, 4398. [CrossRef] [PubMed]

http://doi.org/10.1007/s11814-020-0570-x
http://doi.org/10.1016/j.apsusc.2020.145580
http://doi.org/10.1016/j.ssi.2020.115532
http://doi.org/10.1063/1.4941629
http://doi.org/10.1016/j.jpowsour.2021.229944
http://doi.org/10.1016/j.apsusc.2021.150899
http://doi.org/10.1039/c3ra40732b
http://doi.org/10.1002/adfm.202008586
http://doi.org/10.1016/j.apsusc.2019.06.136
http://doi.org/10.1016/j.apsusc.2019.06.242
http://doi.org/10.1039/c9ra05917b
http://doi.org/10.1016/j.ssi.2017.12.023
http://doi.org/10.1038/s41467-019-12423-y
http://www.ncbi.nlm.nih.gov/pubmed/31562334


Nanomaterials 2022, 12, 1056 13 of 14

15. Wei, Z.; Ren, Y.; Wang, M.; He, J.; Huo, W.; Tang, H. Improving the Conductivity of Solid Polymer Electrolyte by Grain Reforming.
Nanoscale Res. Lett. 2020, 15, 122. [CrossRef] [PubMed]

16. Ruess, R.; Schweidler, S.; Hemmelmann, H.; Conforto, G.; Bielefeld, A.; Weber, D.A.; Sann, J.; Elm, M.T.; Janek, J. Influence of
NCM Particle Cracking on Kinetics of Lithium-Ion Batteries with Liquid or Solid Electrolyte. J. Electrochem. Soc. 2020, 167, 100532.
[CrossRef]

17. Chung, G.J.; Han, J.; Song, S.-W. Fire-Preventing LiPF6 and Ethylene Carbonate-Based Organic Liquid Electrolyte System for
Safer and Outperforming Lithium-Ion Batteries. ACS Appl. Mater. Interfaces 2020, 12, 42868–42879. [CrossRef]

18. Abouimrane, A.; Ding, J.; Davidson, I. Liquid electrolyte based on lithium bis-fluorosulfonyl imide salt: Aluminum corrosion
studies and lithium ion battery investigations. J. Power Sources 2009, 189, 693–696. [CrossRef]

19. Praveen, S.; Santhoshkumar, P.; Joe, Y.C.; Senthil, C.; Lee, C.W. 3D-printed architecture of Li-ion batteries and its applications to
smart wearable electronic devices. Appl. Mater. Today 2020, 20, 100688. [CrossRef]

20. Praveen, S.; Sim, G.S.; Ho, C.W.; Lee, C.W. 3D-printed twisted yarn-type Li-ion battery towards smart fabrics. Energy Storage
Mater. 2021, 41, 748–757. [CrossRef]

21. Zhang, P.; Li, R.; Huang, J.; Liu, B.; Zhou, M.; Wen, B.; Xia, Y.; Okada, S. Flexible poly(vinylidene fluoride-co-hexafluoropropylene)-
based gel polymer electrolyte for high-performance lithium-ion batteries. RSC Adv. 2021, 11, 11943–11951. [CrossRef]

22. Sil, A.; Sharma, R.; Ray, S. Carbon Nanofibers Reinforced P(VdF-HFP) Based Gel Polymer Electrolyte for Lithium-Ion Battery
Application. Int. J. Chem. Mol. Eng. 2015, 9, 1124–1127.

23. Chaturvedi, P.; Kanagaraj, A.B.; Alhammadi, A.; Al Shibli, H.; Choi, D.S. Fabrication of PVDF-HFP-based microporous membranes
by the tape casting method as a separator for flexible Li-ion batteries. Bull. Mater. Sci. 2021, 44, 161. [CrossRef]

24. He, Z.; Cao, Q.; Jing, B.; Wang, X.; Deng, Y. Gel electrolytes based on poly(vinylidenefluoride-co-hexafluoropropylene)/thermoplastic
polyurethane/poly(methyl methacrylate) with in situ SiO2 for polymer lithium batteries. RSC Adv. 2017, 7, 3240–3248. [CrossRef]

25. Jayanthi, S.; Sundaresan, B. Effect of ultrasonic irradiation and TiO2 on the determination of electrical and dielectric properties of
PEO–P(VdF-HFP)–LiClO4-based nanocomposite polymer blend electrolytes. Ionics 2015, 21, 705–717. [CrossRef]

26. Aravindan, V.; Vickraman, P.; Kumar, T.P. Polyvinylidene fluoride-hexafluoropropylene (PVdF-HFP)-based composite polymer
electrolyte containing LiPF3(CF3CF2)3. J. Non-Cryst. Solids 2008, 354, 3451–3457. [CrossRef]

27. Gohel, K.; Kanchan, D. Ionic conductivity and relaxation studies in PVDF-HFP:PMMA-based gel polymer blend electrolyte with
LiClO4 salt. J. Adv. Dielectr. 2018, 8, 1850005. [CrossRef]

28. Sundaram, N.K.; Musthafa, O.M.; Lokesh, K.; Subramania, A. Effect of porosity on PVdF-co-HFP–PMMA-based electrolyte.
Mater. Chem. Phys. 2008, 110, 11–16. [CrossRef]

29. Xiao, Q.; Li, Z.; Gao, D.; Zhang, H. A novel sandwiched membrane as polymer electrolyte for application in lithium-ion battery. J.
Membr. Sci. 2009, 326, 260–264. [CrossRef]

30. Gebreyesus, M.A.; Purushotham, Y.; Kumar, J. Preparation and characterization of lithium ion conducting polymer electrolytes
based on a blend of poly(vinylidene fluoride-co-hexafluoropropylene) and poly(methyl methacrylate). Heliyon 2016, 2, e00134.
[CrossRef]

31. Stephan, A.M. Review on gel polymer electrolytes for lithium batteries. Eur. Polym. J. 2006, 42, 21–42. [CrossRef]
32. Gohel, K.; Kanchan, D.; Machhi, H.K.; Soni, S.S.; Maheshwaran, C. Gel polymer electrolyte based on PVDF-HFP:PMMA

incorporated with propylene carbonate (PC) and diethyl carbonate (DEC) plasticizers : Electrical, morphology, structural and
electrochemical properties. Mater. Res. Express 2020, 7, 025301. [CrossRef]

33. Rajendran, S.; Bama, V.S.; Prabhu, M.R. Preparation and characterization of PVAc–PMMA-based solid polymer blend electrolytes.
Ionics 2010, 16, 283–287. [CrossRef]

34. Baskaran, R.; Selvasekarapandian, S.; Kuwata, N.; Kawamura, J.; Hattori, T. Conductivity and thermal studies of blend polymer
electrolytes based on PVAc–PMMA. Solid State Ion. 2006, 177, 2679–2682. [CrossRef]

35. Song, D.; Xu, C.; Chen, Y.; He, J.; Zhao, Y.; Li, P.; Lin, W.; Fu, F. Enhanced thermal and electrochemical properties of PVDF-
HFP/PMMA polymer electrolyte by TiO2 nanoparticles. Solid State Ion. 2015, 282, 31–36. [CrossRef]

36. Sasikumar, M.; Jagadeesan, A.; Raja, M.; Krishna, R.H.; Sivakumar, P. The effects of PVAc on surface morphological and
electrochemical performance of P(VdF-HFP)-based blend solid polymer electrolytes for lithium ion-battery applications. Ionics
2018, 25, 2171–2181. [CrossRef]

37. Yang, S.; Li, X.; Li, H.; Yao, P. Electrochemical performance and stability of a PPy/MMT-PVDF/PMMA composite film at high
temperature. Synth. Met. 2018, 242, 83–91. [CrossRef]

38. Dhatarwal, P.; Choudhary, S.; Sengwa, R. Electrochemical performance of Li+-ion conducting solid polymer electrolytes based on
PEO–PMMA blend matrix incorporated with various inorganic nanoparticles for the lithium ion batteries. Compos. Commun.
2018, 10, 11–17. [CrossRef]

39. Li, Y.; Wong, K.-W.; Dou, Q.; Zhang, W.; Ng, K.M. Improvement of Lithium-Ion Battery Performance at Low Temperature by
Adopting Ionic Liquid-Decorated PMMA Nanoparticles as Electrolyte Component. ACS Appl. Energy Mater. 2018, 1, 2664–2670.
[CrossRef]

40. Wu, Y.-S.; Yang, C.-C.; Luo, S.-P.; Chen, Y.-L.; Wei, C.-N.; Lue, S.J. PVDF-HFP/PET/PVDF-HFP composite membrane for
lithium-ion power batteries. Int. J. Hydrogen Energy 2017, 42, 6862–6875. [CrossRef]

41. Badr, I.; Lahmar, H.; Kaewsaneha, C.; Saïdi-Besbes, S.; Elaïssari, A. Preparation and Characterization of Poly(methyl methacrylate)
Particles by Combined Dispersion and Emulsion Polymerization. Macromol. Res. 2018, 26, 819–824. [CrossRef]

http://doi.org/10.1186/s11671-020-03355-4
http://www.ncbi.nlm.nih.gov/pubmed/32458218
http://doi.org/10.1149/1945-7111/ab9a2c
http://doi.org/10.1021/acsami.0c12702
http://doi.org/10.1016/j.jpowsour.2008.08.077
http://doi.org/10.1016/j.apmt.2020.100688
http://doi.org/10.1016/j.ensm.2021.07.024
http://doi.org/10.1039/d1ra01250a
http://doi.org/10.1007/s12034-021-02420-7
http://doi.org/10.1039/c6ra25062a
http://doi.org/10.1007/s11581-014-1230-0
http://doi.org/10.1016/j.jnoncrysol.2008.03.009
http://doi.org/10.1142/s2010135x18500054
http://doi.org/10.1016/j.matchemphys.2007.12.024
http://doi.org/10.1016/j.memsci.2008.10.019
http://doi.org/10.1016/j.heliyon.2016.e00134
http://doi.org/10.1016/j.eurpolymj.2005.09.017
http://doi.org/10.1088/2053-1591/ab6c06
http://doi.org/10.1007/s11581-009-0395-4
http://doi.org/10.1016/j.ssi.2006.04.013
http://doi.org/10.1016/j.ssi.2015.09.017
http://doi.org/10.1007/s11581-018-2679-z
http://doi.org/10.1016/j.synthmet.2018.05.008
http://doi.org/10.1016/j.coco.2018.05.004
http://doi.org/10.1021/acsaem.8b00355
http://doi.org/10.1016/j.ijhydene.2016.11.201
http://doi.org/10.1007/s13233-018-6111-3


Nanomaterials 2022, 12, 1056 14 of 14

42. Zhang, N.; Liu, P.; Yi, Y.; Gibril, M.; Wang, S.; Kong, F. Application of Polyvinyl Acetate/Lignin Copolymer as Bio-Based Coating
Material and Its Effects on Paper Properties. Coatings 2021, 11, 192. [CrossRef]

43. Geisari, N.; Kalnins, M. Poly(vinyl alcohol)—poly(vinyl acetate) composite films from water systems: Formation, strength-
deformation characteristics, fracture. IOP Conf. Ser. Mater. Sci. Eng. 2016, 111, 012009. [CrossRef]

44. Karatzaferi, C.; Chinn, M.K.; Cooke, R. Erratum: The force exerted by a muscle cross-bridge depends directly on the strength of
the actomyosin bond (Biophysical Journal (2004) 87 (2532–2544)). Biophys. J. 2005, 88, 757. [CrossRef]

45. Peng, G.; Zhao, X.; Zhan, Z.; Ci, S.; Wang, Q.; Liang, Y.; Zhao, M. New crystal structure and discharge efficiency of poly(vinylidene
fluoride-hexafluoropropylene)/poly(methyl methacrylate) blend films. RSC Adv. 2014, 4, 16849–16854. [CrossRef]

46. Li, W.; Li, H.; Zhang, Y.-M. Preparation and investigation of PVDF/PMMA/TiO2 composite film. J. Mater. Sci. 2009, 44, 2977–2984.
[CrossRef]

47. Wang, N.; Wu, X.; Liu, C.S. Abnormal segmental dynamics of poly(methyl methacrylate)/poly(vinylidene fluoride) blends by
mechanical spectroscopy. AIP Adv. 2019, 9, 015326. [CrossRef]

48. Masturi, M.; Abdullah, M.; Khairurrijal, K. High compressive strength of home waste and polyvinyl acetate composites containing
silica nanoparticle filler. J. Mater. Cycles Waste Manag. 2011, 13, 225–231. [CrossRef]

49. Clark, J.E. Studies in the Thermal Stability of Poly (Methyl Methacrylate); University of Windsor: Windsor, ON, Canada, 1963.
50. Kandare, E.; Deng, H.; Wang, D.; Hossenlopp, J.M. Thermal stability and degradation kinetics of poly(methyl methacry-

late)/layered copper hydroxy methacrylate composites. Polym. Adv. Technol. 2006, 17, 312–319. [CrossRef]
51. Ding, Y.-H.; Zhang, P.; Long, Z.; Jiang, Y.; Xu, F.; Di, W. The ionic conductivity and mechanical property of electrospun

P(VdF-HFP)/PMMA membranes for lithium ion batteries. J. Membr. Sci. 2009, 329, 56–59. [CrossRef]
52. Xiao, Q.; Deng, C.; Wang, Q.; Zhang, Q.; Yue, Y.; Ren, S. In Situ Cross-Linked Gel Polymer Electrolyte Membranes with Excellent

Thermal Stability for Lithium Ion Batteries. ACS Omega 2019, 4, 95–103. [CrossRef]
53. Mahant, Y.P.; Kondawar, S.B.; Nandanwar, D.V.; Koinkar, P. Poly(methyl methacrylate) reinforced poly(vinylidene fluoride)

composites electrospun nanofibrous polymer electrolytes as potential separator for lithium ion batteries. Mater. Renew. Sustain.
Energy 2018, 7, 5. [CrossRef]

http://doi.org/10.3390/coatings11020192
http://doi.org/10.1088/1757-899x/111/1/012009
http://doi.org/10.1529/biophysj.104.900114
http://doi.org/10.1039/c3ra47462c
http://doi.org/10.1007/s10853-009-3395-x
http://doi.org/10.1063/1.5081758
http://doi.org/10.1007/s10163-011-0012-2
http://doi.org/10.1002/pat.681
http://doi.org/10.1016/j.memsci.2008.12.024
http://doi.org/10.1021/acsomega.8b02255
http://doi.org/10.1007/s40243-018-0115-y

	Introduction 
	Materials and Methods 
	Materials Used 
	Preparation of PMC Polymer Membrane and Gel Polymer Electrolyte 
	Physical and Chemical Characterizations 
	Preparation of Electrodes 
	Electrochemical Characterization 

	Results and Discussion 
	Conclusions 
	References

