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ARTICLE INFO ABSTRACT

Keywords: Current commercial separators used in lithium-ion batteries have inherent flaws, especially poor
Electrospinning thermal stability, which pose substantial safety risks. This study introduces a high-safety com-
Nonwoven

posite membrane made from electrospun poly(vinyl alcohol)-melamine (PVAM) and poly-
vinylidene fluoride (PVDF) polymer solutions via a dip coating method, designed for high-voltage
battery systems. The poly(vinyl alcohol) and melamine components enhance battery safety, while
the PVDF coating improves lithium-ion conductivity. The dip-coated PVDF/Esp-PVAM composite
separators were evaluated for electrolyte uptake, contact angle, thermal stability, porosity,
electrochemical stability and ionic conductivity. Notably, our Dip 1 % PVDF@Esp-PVAM com-
posite separator exhibited excellent wettability and a lithium-ion conductivity of approximately
7.75 x 10 S em! at room temperature. These separators outperformed conventional PE sepa-
rators in half-cells with Ni-rich NCM811 cathodes, showing exceptional cycling stability with
93.4 % capacity retention after 100 cycles at 1C/1C, as compared to 84.8 % for PE separators. Our
Dip 1 % PVDF@Esp-PVAM composite separator demonstrates significant potential for enhancing
the long-term durability and high-rate performance of lithium-ion batteries, making it a prom-
ising option for long-term energy storage applications.

Composite separators

PVA polymers

Surface modification
Rechargeable Li-ion batteries

1. Introduction

In recent years, there has been a global surge in environmental awareness, prompting countries like the United Kingdom, China,
France, and Germany to enact policies that phase out fuel-powered vehicles in favor of electric cars [1,2]. The future trajectory of the
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automotive industry hinges on the rise of electric vehicles (EVs), with their success critically dependent on the pivotal role of
lithium-ion batteries (LIBs) [3]. Owing to their high energy density, high operating voltage, and extended cycle life, lithium-ion
batteries (LIBs) are poised to be pivotal in future energy storage solutions. Separators in LIBs play a crucial role by dividing the
cathode and anode, enabling rapid ion transport, and enhancing performance while preventing overcharging, thermal runaway, and
electronic short circuits [4]. The Li ions in liquid electrolytes can freely transport across separator membranes because of their
microporous nature as they are also chemically inert during electrochemical reactions and therefore doesn’t participate in the reaction
while protecting the battery from internal short circuits [5,6].

In current commercial LIBs, polyethylene (PE) and polypropylene (PP) are the most commonly used separators due to their
affordability, chemical stability, and mechanical robustness. The electrochemical performance and safety of LIBs are significantly
influenced by the separators’ chemical properties, mechanical strength, and thermal stability [7]. A good separator should be
chemically stable to prevent any side reaction with electrolyte and electrode materials at high or low temperatures and at higher
working voltages. Additionally, the separator must be durable enough to withstand the tension generated during repeated
charge-discharge cycles [8]. The ionic conductivity of a separator depends on its porosity and wettability, with uniformly distributed
porosity being essential to prevent the growth of lithium dendrites on the anode surface [9,10]. Therefore, it is crucial to select raw
materials that meet all the key characteristics required for an effective separator.

Several studies have been conducted to improve the porosity and wetting properties of separators, as well as their thermal stability
[6]. Non-woven membranes, a type of separator made from natural or synthetic fibers, are prepared using methods such as
melt-blowing, wet-laying, or electrospinning [6,11,12]. Various membranes with porosities ranging from 60 % to 80 %, pore sizes from
20 to 100 nm, and thicknesses from 100 to 200 pm have been synthesized using polymers like polyacrylonitrile (PAN), polyimide (PI),
polymethyl methacrylate (PMMA), and polyvinyl alcohol (PVA) [13]. The diameter of a membrane’s fibers determines its thickness
and smoothness, which, in turn, contributes to its electrochemical stability, high porosity, and enhanced absorption rate. However,
large pores, poor mechanical strength, and difficulties in thinning the coating can hinder effective isolation of the cathode and anode,
potentially leading to short circuits. Significant progress has been made in recent years through surface engineering of separators to
increase porosity, wettability, and chemical and thermal stability [14,15]. Composite membranes, created by stacking or modifying
non-woven membranes with different materials, have also been explored in recent years. By combining organic and inorganic ma-
terials with polymers, these composite membranes can exhibit the physical and chemical properties needed to function as effective
isolation membranes for LIBs [16-18].

For instance, Cai et al. [19] developed a novel PVDF-HFP/PI electrospun separator with a double-layer structure for
high-performance LIBs. The double-layer polymer fibers not only combine the advantages of PVDF-HFP and PI but also improve the
mechanical strength of the electrospun nonwoven fabric, resulting in a high porosity of up to 85.9 %. Their membranes showed
excellent properties, including thermal stability (up to 200 °C), excellent liquid electrolyte absorption (483.5 %), and good ionic
conductivity (ca. 1.78 x 10~3 S em™!). The PVDF-HFP/PI composite membrane-containing cell maintained a discharge capacity of
approximately 118.2 mAh g~! with a capacity retention of 98.1 %, which is significantly greater than that of the Celgard 2320
separator (94.9 %). Liu et al. [20] used the electrospinning method to prepare a PU/PVDF composite separator and used it in a LiCoO4
(LCO) cathode and graphite anode in the LIB system. In comparison to cells employing commercial Celgard separators, the PU/PVDF
membrane demonstrated stable discharge capacities over 100 cycles at a 0.2C rate. The PU/PVDF membrane also exhibited high
porosity and mechanical strength, resulting in superior absorption rate and excellent ionic conductivity. Inorganic ceramic fillers such
as Al;O3 and SiOy-modified PVDF composite membranes were prepared by a melt-electrospinning and magnetron sputtering depo-
sition method and reported by Wu et al. for high-power and high-safety LIBs [21]. The Aly03/SiO5/PVDF composite membranes
exhibited greater porosity (61.8 %), better ionic conductivity (ca. 2.06 x 10735 cm’l) and higher electrolyte uptake (366.0 %) than
did the commercial PE separators. Compared to the PE separator (49.8 %), the Aly03/SiO5/PVDF membranes with Ni-rich cath-
ode-based cells maintained a better capacity retention of 58.4 % at 8 C. An LATP ceramic filler containing a PVA/melamine composite
nonwoven (LATP/PVAM) membrane was also reported by our group using electrospinning technology [22]; this material has several
advantages, including high porosity (83.0 %), electrolyte uptake (214.0 %), ionic conductivity (ca. 1.77 x 10> S cm™?) and excellent
thermal stability (150 °C). The LATP/PVAM composite membrane was applied in an LIB system consisting of a LiNip sMnj 504 cathode
and a Li4TisO12 anode. The full cell based on our homemade LATP/PVAM composite membrane exhibited approximately 98.0 %
capacity retention compared to that of the commercial PE separator (~93.0 %) at a high current (1C) rate for 100 cycles. The results
indicate that the advantages of these composite separators are high porosity, low thermal shrinkage, good electrolyte uptake, and
superior ionic conductivity.

The dip-coating strategy has recently been used for composite separator modification and is potentially useful for various appli-
cations, including wastewater treatment and LIB separator modification [23-26]. Specifically, a separator coated with a polymer or
polymer dispersed with inorganic fillers can significantly enhance porosity, mechanical and thermal stability, and wettability to the
electrolyte. This improvement facilitates superior transport of Li* ions, thereby enhancing electrochemical performance. For example,
Wang et al. [27] reported a dip coating method to coat PVDF polymers on PE separators to prepare PE-PVDF composite membranes,
which had excellent porosity (61.4 %), superior electrolyte wettability, and very good ion conducting (ca. 1.53 x 1073 S ecm™)
properties. The PE-PVDF membranes exhibited better electrochemical performance, especially at high current rates such as 2C and
5C, which is mainly due to the excellent compatibility of the PVDF polymer with organic electrolytes [28]. Wu et al. [24] developed an
ultrafine PVDF nanofiber membrane via a tip-induced electrospinning technique, followed by a dip-coating process using an
Al;Os-containing polymer electrolyte solution, and explored it as a highly safe composite membrane for LIBs. The corresponding
PVDF/Al,O3 composite membrane exhibited excellent properties, including porosity (55.8 %), electrolyte uptake (152.0 %), ionic
conductivity (ca. 2.23 x 1073 S em ™), thermal stability (140 °C), and capacity retention at 4 C with low discharge capacity loss. Chen
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et al. [29] also fabricated an LIB cell using polyacrylonitrile (PAN) nanofibrous membranes through an electrospinning method and
then dip-coated it with zeolite (ZSM-5) and phenoxy resin. The ZSM-5/PAN composite membranes demonstrate excellent thermal
stability (180 °C) and high ionic conductivity (ca. 2.16 x 102 S em™). The LiFePOg4-based half-cell based on the ZSM-5/PAN
membrane shows a very impressive discharge capacity (102 mAh g™1) at 7 C. Hence, the above findings in the literature suggest
that the use of thin nanofiber composite membranes with a dip-coating strategy will be an effective way to operate LIBs at high
temperatures and under harsh high current rate conditions.

The objective of this study was to fabricate a nanofibrous poly(vinyl alcohol)-melamine nonwoven membrane using electro-
spinning techniques and subsequently dip-coat the membrane with a PVDF polymer solution at various weight percentages. This
material is referred to as Dip x% PVDF@Esp-PVAM (x = 1 % and 3 %) and can be used as a composite separator in highly safe LIB
applications. Esp-PVAM nanofibers coated with thin and homogeneous PVDF layer are expected to enhance the performance of LIBs. In
addition to its cost-effectiveness and environmentally friendly characteristics, PVA is renowned for its versatility and exceptional
chemical and mechanical stability. The incorporation of melamine into electrospun nonwoven membranes has been demonstrated to
enhance their thermal stability, making them suitable for high-temperature battery applications. Moreover, PVDF exhibits a strong
affinity for liquid electrolytes, enhancing electrolyte wettability and facilitating the diffusion of Li* ions within the electrolyte.
However, the amount of percentage of PVDF is a key factor to consider as a coating layer. If the coating layer is too thick, then it might
adversely affect the performance of the membrane whereas a very thin layer might not be enough as a conductive coating layer on the
membrane. Hence, optimizing the PVDF amount becomes a high priority.

SEM and FTIR analyses of the electrospun membranes confirmed their surface morphology and hierarchical structure. Our
fabricated Dip 1%PVDF@Esp-PVAM composite separator exhibits outstanding electrolyte uptake, thermal stability, and porosity.
These properties enable the separator to operate effectively across a wide range of voltages while enhancing lithium-ion conductivity.
The half-cell, utilizing the LiNip gCog.1Mng 102 (NCM811) cathode material and the as-prepared Dip 1%PVDF@Esp-PVAM membrane
was directly compared with conventional PE separator to demonstrate the improved performance of the home-made 1%PVDF@Esp-
PVAM membrane. Additionally, the thermal stability of the membrane enables it to operate over a wide range of voltages, which
allows for more efficient charging and discharging of the battery. Our proposed Dip 1%PVDF@Esp-PVAM composite separator has also
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Scheme 1. Schematic representation of the preparation of nonwoven Esp-PVAM composite membranes using dip-coating method with PVDF
polymer solution.
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been demonstrated to be scalable for high-safety and high-power LIB applications.
2. Experimental
2.1. Preparation of PVDF dip-coated Esp-PVAM nonwoven separators

The polymer solution was prepared by adding 1.95 g PVA to 18 mL of deionized water which already contains 0.05 g of melamine
and 2.5 g of glutaraldehyde (GA). This mixture solution was stirred at 80 °C until it became milky white. After cooling to room
temperature, the resultant polymer solution was electrospun with an electrospinning machine (NANON-01A, Japan) at 25-30 kV. The
distance from the needle to the collection plate was 25 cm and the needle is composed of stainless steel, model 23 (inner diameter 0.33
mm, outer diameter 0.63 mm, tube diameter and thickness 0.15 mm). The flow rate was set to 1 mL h™', with a solution volume of 4
mL. The positive electrode was connected to a high-voltage needle, the negative electrode was connected to the collection plate, and
aluminum foil was used to collect the spun fibers from the electrospinning instrument. Later, the obtained fiber membrane was ripped
off the aluminum foil and pasted on a paper fixed to a glass plate, and heated to 90 °C.

The PVDF soaking solution was prepared by dissolving the PVDF powder in DMAc at varying concentrations (e.g., 1 wt% and 3 wt%
PVDF). Then the as-fabricated polymer membrane was dipped in to the solution prepared above by using a custom fixture holding the
electro-spun nanofiber membrane in a dip-coating machine at the speed of 400 mm min~'. The membrane was dipped three times with
dipping time of 10 s each. Finally, the PVDF-impregnated nonwoven membranes were allowed to dry at 60 °C for a period of 12 h
followed by cutting them into circular discs with a diameter of 16 mm and used as is. In Scheme 1, a schematic diagram is shown that
illustrates the preparation of electrospun PVAM nonwoven membranes and the dip-coating process. Hereafter, the corresponding as-
prepared nonwoven membranes are referred to as the pristine Esp-PVAM, Dip 1 % PVDF@Esp-PVAM, and Dip 3 % PVDF@Esp-PVAM
composite membranes. These membranes are produced with a thickness of ca. 20 pm, the same thickness as popular membranes (16
pm), as shown in Table S1. The as-prepared nanofiber composite separators were then placed in an Ar-filled glove box for further
studies.

2.2. Ni-rich NCM811 electrode preparation

During the preparation of the cathode, the NCM811 cathode material, PVDF, and Super P were weighed 80:10:10 (in weight
percent), and the solid content was controlled at 30 %. A mixture of 2 g of NCM811 cathode material and 0.25 g of Super P were ground
in a mortar and heated at 120 °C for 1 h to remove excess moisture. In addition, 3.57 g of 7 wt% PVDF in NMP binder solution was
precisely weighed in a beaker, together with 2.51 g of N-methyl pyrrolidone (NMP) as organic solvent, which was then stirred using a
DC motor stirrer at a speed of 150 rpm for 15 min. The dried and dehydrated active material powder was slowly added to the PVDF/
NMP solution and stirred gently at 450 rpm for 3 h and then at a slower speed of 150 rpm for 1 h. The homogeneous slurry was coated
on aluminum foil using the doctor blade coating method with a wet thickness of 200 pm and placed in an oven at 80 °C for 4 h to
volatilize the organic solvent. The dried electrode was flattened with a roller, and a 13 mm round cutter was used to cut pieces of

circular discs for storage in a glove box for further experiments. The average cathode material loading was controlled at ca. 3 mg cm 2.

2.3. Materials and electrochemical Characterization

X-ray diffraction (XRD) was conducted with a Bruker D2 Phaser (Germany). Scanning electron micrographs (SEM) of the materials
were obtained using a Hitachi S-2600H (Japan) instrument. A PerkinElmer Spectrum 100 (USA) analyzer was used to perform Fourier
transform infrared (FTIR) spectroscopy and a thermogravimetric analyzer (Mettler, USA) was used to conduct thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) at temperatures between 25 °C and 600 °C at a heating rate of 5 °C min~ L.
In this study, linear sweep voltammetry (LSV) was performed using a Metrohm Autolab PGSTAT32 N in the potential range of 0-5.5 V
(vs. Li/Li") at a scanning rate of 0.001 V s~ . The electrochemical impedance spectroscopy (EIS) data of the cells were obtained using a
Metrohm Autolab PGSTAT32 N in the frequency range 10° x 1072 Hz and at an amplitude of 5 mV. These measurements were always
conducted using a standardized OCP. A BioLogic BCS-805 (France) was used for chronoamperometry and AcuTech Systems BAT-750B
(Taiwan) battery tester was used to measure the charge/discharge characteristics of the cells at room temperature within the voltage
range of 2.5-4.3 V (vs. Li/Li"), and 1C was set to 20 mA g~'. A Neware battery tester (China) was used to analyze symmetric cells.

2.4. Electrolyte uptake (A%) measurement

This experiment aimed to evaluate the absorption and swelling of the membrane under saturated solution conditions using the
weighing method. A homemade electrospun nonwoven membrane served as the experimental sample. Initially, the membrane was
dried at 60 °C for 12 h to determine its dry weight (Wg.y). Subsequently, the membrane was immersed in 1 M LiPFg in EC/DEC (1:1 vol
ratio) electrolyte for 12 h. After removing the membrane and gently blotting it with lens paper to absorb surface liquid, the wet weight
(Wyet) was measured. The electrolyte uptake (A%) can be calculated using Eqn. (1) as follows:

Wwet - Wdry

dry

A% = x 100 % (€8
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2.5. Porosity (P%) measurement

The porosity of the nonwoven membrane was determined by the amount of solvent absorbed by the film. The as-prepared
membrane was initially dried in an oven at 60 °C for 12 h to remove moisture and achieve dryness. After drying, the film thickness
and dry weight were measured. In the next step, the composite membrane was immersed in n-butanol for 12 h. Excess liquid on the
surface was carefully removed using dust-free test paper, and the wet weight was then measured. The porosity (P%) of the isolation
film can be calculated using experimental data according to Eqn. (2).

PY% — Mzuon/Ppuon %)
Mpuon / Pruon + Mm / Pp

where P is the porosity (%) of the membrane, Mg, oy is the absorption capacity of n-butanol by the membrane (g), ppyon is the density
of n-butanol (0.8098 g cm™3), My, is the dry film weight (g), and pp is the density of the pristine membrane.

2.6. Mechanical stability measurement
The mechanical strength of the as-prepared composite membranes was examined by a tensile tester (EZ-LX 500 N). The membrane

was cut into test pieces (8 cm x 1 cm) and then clamped to the tensile tester to be stretched until it tore away with a stretching speed of
2 mm s . The stress and strain of the composite membrane were obtained through the following Eqns. (3) and (4):

_ load (Kgf)
Stress (o) " thickness(mm) x width(mm) ®
Strain (%) :dlsplacement(mm) % 100 @

initial length(mm)

Fig. 1. Low- and high-magnification SEM images of the (a-c) Esp-PVAM, (d-f) Dip 1 % PVDF@Esp-PVAM, and (g-i) Dip 3 % PVDF@Esp-PVAM
nonwoven composite separators.
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2.7. lIonic conductivity Investigation

A custom-built device was utilized to measure the lithium-ion conductivity of the composite membranes in this study. Before the
experiment, the composite membranes were immersed in 1 M LiPFg in EC/DEC (1:1) electrolyte for 12 h to ensure complete saturation.
Excess electrolyte was carefully removed using clean paper. Subsequently, the membranes were positioned in the center of the ion
conductivity measuring instrument and securely fixed between metal electrodes. These electrodes featured gold-plated surfaces and
served as the working electrode and counter electrode, respectively. The entire setup was placed in a constant temperature oven, and a
fixed amplitude of 5 mV was applied for the conductivity measurement. The scanning frequency range for impedance spectroscopy was
set between 1 MHz and 100 Hz, and the temperature varied across a range from low to high values. Measurements were performed
under different temperature conditions: 20, 30, 40, 50, and 60 °C. From the electrochemical impedance spectroscopy (EIS) results, the
overall impedance value (Rp) of the membrane was determined at the Z' value corresponding to the highest frequency. This Ry, value
was then used in Eqn. (5) to calculate the lithium-ion conductivity (o;).

L
TR, xA ®

where o; is the ionic conductivity (S cm’l), L is the thickness (cm), Ry, is the AC overall resistance value (ohm), and A is the cross-
sectional area of the electrode clamp (a metal rod with a diameter of 1.3 cm).

3. Results and discussion

The surface morphologies of the homemade electrospun bare PVAM membrane and the composite membrane impregnated with
PVDF polymer were examined using SEM analysis. Fig. 1(a)-(c) reveal densely distributed fibers with a uniform diameter of
approximately 250 nm and large pores in the bare PVAM membrane. In Fig. 1(d)-(i), a distinct PVDF polymer coating layer is visible on
the surface of the electrospun PVAM nanofibers, where the fiber diameter increases from 250 to around 500 nm with increasing PVDF
content. Consequently, as the PVDF polymer coating increases, the membrane pores tend to decrease gradually. Thus, the Dip 1 %
PVDF@Esp-PVAM composite separator demonstrates a more uniform pore size distribution compared to the Dip 3 % PVDF@Esp-
PVAM composite separator. The former exhibits higher porosity and excellent electrolyte wettability.

The pore size distribution of a separator or membrane plays a crucial role in overall performance of a battery. To ensure smooth
transport of lithium ions during charging and discharging, it is essential for the composite membrane to have an optimal pore size that
prevents ion hindrance or membrane puncture due to excessively large pores. We analyzed the pore size distribution of various
homemade electrospun PVAM composite separators using a porous material analyzer (PMI), with results depicted in Fig. 2. Fig. 2(A)
illustrates the pore size distribution of the pristine Esp-PVAM composite separator, showing uniform pores with an average size of
approximately 1186 nm. In contrast, Fig. 2(B) shows that the average pore size of the Dip 1 % PVDF@Esp-PVAM composite separator
was reduced by half to about 533-600 nm after PVDF polymer coating. This indicates successful pore size reduction without pore
clogging. Furthermore, increasing the PVDF polymer coating to 3 wt% significantly decreased the average pore size further. Fig. 2(C)
displays that the Dip 3 % PVDF@Esp-PVAM composite separator has an average pore size of approximately 318 nm. This optimized
pore size is beneficial for enhancing long-term lithium-ion transport efficiency.

FTIR analysis was conducted to verify the presence of PVDF coating on the Esp-PVAM nonwoven composite separator, with results
depicted in Fig. 3(A). The spectrum of the Esp-PVAM composite separator (Fig. 3(A), curve a) exhibits characteristic peaks at 3308.33,
2939.81, 1712.61, 1327.51, and 1087.35 cm™?, corresponding to vibrations of O-H, C-H, C=0, C-0O, and C-C bonds, respectively.
Fig. 3(A) curves b and c illustrate the FTIR spectra of the Dip 1 % PVDF@Esp-PVAM and Dip 3 % PVDF@Esp-PVAM composite
separators, respectively. In these spectra, characteristic peaks of PVDF polymer are observed at 801.38-840.36 cm!,
1177.19-1179.17 cm ™}, and 1142.43-1143.02 cm ™, which correspond to vibrations of -CHg, —CF,, and —CF; groups, respectively.
The intensity of these absorption peaks increases notably with higher PVDF concentration, indicating successful coating of PVDF onto
the Esp-PVAM nonwoven composite separator.

16
A Pristine Esp-PVAM B Dip 1%PVDF@Esp-PVAM 354 ¢ Dip 3%PVDF@Esp-PVAM
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Fig. 2. Pore size distribution analysis of (A). Pristine Esp-PVAM, (B). Dip 1 % PVDF@Esp-PVAM, and (C). Dip 3 % PVDF@Esp-PVAM nonwoven
composite separators.
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Fig. 3. (A) FTIR, (B) stress-strain, and (C) TGA (solid lines; a-c) and DSC (dotted lines; a’-c’) curves of (a). Pristine Esp-PVAM, (b). Dip 1 %
PVDF@Esp-PVAM, and (c). Dip 3 % PVDF@Esp-PVAM nonwoven composite separators.

Most nonwoven membranes or separators used in lithium-ion batteries exhibit porous structural characteristics. During the
extended charge-discharge cycles, the separator must not only possess excellent electrolyte absorption and wetting properties to enable
free movement of Li* ions between electrodes but also exhibit high thermal stability. Equally important is the requirement for suf-
ficient mechanical strength in the separator. The tensile strengths of the pristine Esp-PVAM, Dip 1 % PVDF@Esp-PVAM, and Dip 3 %
PVDF@Esp-PVAM composite separators were evaluated using a tensile tester instrument, with corresponding data presented in Fig. 3
(B). The incorporation of PVDF into the Esp-PVAM composite separator resulted in increased elongation tendencies. The micropore
size and distribution within the composite membrane significantly influenced its tensile strength. It is evident that electrospun PVAM
impregnated with a PVDF polymer layer enhances mechanical strength.

DSC (Differential Scanning Calorimetry) and TGA (Thermogravimetric Analysis) analyses were conducted to assess the thermal
stability of the pristine and PVDF-coated Esp-PVAM composite separators, as depicted in Fig. 3(C). The DSC curve (dotted lines) reveals
parameters such as glass transition temperature (Tg), melting point (Ty,), and decomposition temperature of the composite separator.
Meanwhile, the TGA curve (solid lines) illustrates the weight loss of the composite separator with increasing temperature. These
analyses provide insights into the thermal characteristics and stability of the separators, crucial for their performance in LIB
applications.

The TGA analysis showed that as the concentration of PVDF impregnation increased, the residual content of the Esp-PVAM
composite separator also increased after exposure to high temperatures up to 600 °C. In the DSC curve, several distinct peaks were
observed. The first small peak, occurring between approximately 40 to 120 °C, is attributed to the release of absorbed free water from
the membrane. The second peak, evident between 180 and 280 °C, displays an endothermic peak around 240 °C. The third decom-
position phase, occurring between 350 and 550 °C, shows significant peak variations, corresponding to the initial decomposition of
PVA. As the temperature increases, PVA chains gradually decompose and form polyene structures, which further break down into
lower molecular weight substances [30]. Comparatively, the DSC curves of the pristine Esp-PVAM composite separator exhibit more
pronounced heat absorption signals across these three peaks than those of the PVDF-coated composite separator. This indicates that the
PVDF coating layer effectively enhances the thermal stability of the Esp-PVAM composite separator.

The liquid uptake and porosity of our homemade nonwoven composite separators, including pristine Esp-PVAM, Dip 1 %
PVDF@Esp-PVAM, and Dip 3 % PVDF@Esp-PVAM membranes, were studied and compared with those of a commercial PE separator
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(Table S1). Comparing the results, the pristine Esp-PVAM composite separators exhibit approximately 446.8 % liquid uptake and 58.4
% porosity, both higher than those of commercially available PE separators. These characteristics are attributed to PVAM, which
enhances the cell’s electrochemical performance by enabling high liquid uptake through electrospun nanofiber membranes.
Furthermore, the liquid uptake and porosity of the Esp-PVAM composite separator, coated with PVDF polymer, increase with higher
impregnation concentrations. This underscores how PVAM membranes when coated with PVDF, effectively enhance the liquid uptake
and porosity of the composite separator.

Using a contact angle analyzer, we studied the electrolyte wettability of commercially available PE separators and homemade
PVAM nonwoven composite separators. The experiment employed a 1 M LiPFg in EC/DEC (1:1) electrolyte solution, dispensed onto the
separators and measured for their contact angles. A smaller contact angle indicates better wetting of the separator by the electrolyte.
Fig. 4(A)—(D) illustrate that the contact angles for the (A) PE separator, (B) Esp-PVAM, (C) Dip 1 % PVDF@Esp-PVAM, and (D) Dip 3 %
PVDF@Esp-PVAM composite separators were approximately 73.9°, 21.4°, 46.8°, and 48.8°, respectively. The results indicate that as
the PVDF coating concentration increases, the contact angle of the Esp-PVAM composite separators also increases, correlating with a
reduction in membrane pore size. This slower electrolyte wetting due to smaller pores leads to higher contact angles for PVDF-coated
Esp-PVAM separators compared to PE separators. Conversely, the smaller pores enhance the composite membrane’s porosity, pro-
moting better electrolyte wettability and longer moisture retention. This characteristic is advantageous for improving the long-term
cycling stability.

For thermal shrinkage evaluation, both a PE separator and Esp-PVAM composite separators were subjected to heating from 50 °C to
200 °C, with a subsequent 30-min hold at 200 °C. Fig. 5(A)—(D) depict the dimensional changes (shrinkage) observed in the PE
separator, pristine Esp-PVAM, Dip 1%PVDF@Esp-PVAM, and Dip 3%PVDF@Esp-PVAM composite separators before and after heat
treatment. At 200 °C, the commercially available PE separator exhibited a higher shrinkage rate compared to the pristine Esp-PVAM
and PVDF-coated Esp-PVAM composite separators. However, the PVDF-coated Esp-PVAM composite separators also showed some
degree of shrinkage. Specifically, the analysis indicated that while the PE separator exhibited the most noticeable shrinkage percentage
at 200 °C, the PVDF-coated Esp-PVAM composite separators experienced significantly less shrinkage compared to the pristine Esp-
PVAM membrane. This result suggests that the presence of PVDF reduced the shrinkage propensity of the composite separators,
likely due to the lower crystallinity of PVDF at elevated temperatures.

Specifically, the Esp-PVAM composite separators with 3 % PVDF polymer experienced more shrinkage (approximately 29 %)
compared to those with 1 % PVDF polymer (around 12 %), reflecting the influence of PVDF polymer concentration on thermal
behavior. In conclusion, the optimized Dip 1%PVDF@Esp-PVAM composite separators demonstrated excellent mechanical strength
and reasonable thermal properties (shrinkage percentage), highlighting their suitability for safe and efficient applications in LIBs.

Temperature-dependent lithium-ion conductivity measurements of the prepared nonwoven composite separators were conducted
using a custom-built apparatus. The electrolyte used was 1 M LiPF¢ in EC/DEC (1:1). Various separators including the PE separator,
pristine Esp-PVAM, Dip 1%PVDF@Esp-PVAM, and Dip 3%PVDF@Esp-PVAM composite separators were tested across temperatures
ranging from 25 to 70 °C. Table S2 shows that the ionic conductivities of the PE separator, pristine Esp-PVAM, Dip 1%PVDF@Esp-

A B

73.9° 21.4°
Cc D

46.0° 48.8°

Fig. 4. Photograph of contact angle measurements of (A) PE, (B) Esp-PVAM, (C) Dip 1 % PVDF@Esp-PVAM, and (D) Dip 3 % PVDF@Esp-PVAM
composite separators.
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Fig. 5. Photographs of the thermal shrinkage of the (A) PE, (B) pristine Esp-PVAM, (C) Dip 1%PVDF@Esp-PVAM, and (D) Dip 3%PVDF@Esp-
PVAM composite separators at 200 °C, (E) Thermally dependent ionic conductivity measurements, and (F) LSV curves of the different compos-
ite separators.

PVAM, and Dip 3%PVDF@Esp-PVAM composite separators are approximately 5.65 x 107°,6.71 x 107%,7.75 x 10 *and 8.74 x 1073
S em ™}, respectively, at 25 °C. At 70 °C, the ionic conductivities are approximately 6.01 x 1074, 1.11 x 1073, 1.31 x 10™> and 1.44 x
1073 S em ™, respectively. Fig. 5(E) shows the Arrhenius plots of different composite separators in 1 M LiPFg in an EC/DEC (1:1)
electrolyte. The activation energy (E,) can be calculated based on the slope of the linear plot in Fig. 5(E). The estimated E, of the PE
separator is approximately 44.75 kJ mol !, whereas the E, values of the pristine Esp-PVAM, Dip 1%PVDF@Esp-PVAM, and Dip 3%
PVDF@Esp-PVAM composite separators are approximately 9.89, 9.12, and 8.35 kJ mol ™}, respectively. The experimental findings
demonstrate that compared to commercial PE separators, our homemade pristine Esp-PVAM, Dip 1%PVDF@Esp-PVAM, and Dip 3%
PVDF@Esp-PVAM composite separators exhibit higher ionic conductivity and significantly lower activation energy. These improve-
ments are primarily attributed to the enhanced liquid electrolyte uptake and superior wettability properties of our composite mem-
branes. Furthermore, all PVDF-coated Esp-PVAM composite separators show higher lithium-ion conductivity and lower activation
energy (E,) compared to the pristine Esp-PVAM membrane. This is due to the electron-withdrawing nature of the PVDF polymer’s main
chain (-CF group), which accelerates lithium-ion transport within the electrolyte. Additionally, the Esp-PVAM membrane itself
possesses high porosity and excellent wettability, further improved by PVDF impregnation. The reduction in pore size in PVDF-coated
Esp-PVAM separators significantly enhances electrolyte retention. Combining these advantageous characteristics effectively enhances
electrolyte retention and ionic conductivity, making these composite separators promising for future applications in LIBs.

To investigate the interface stability and electrochemical compatibility of the prepared composite separators with lithium metal, an
asymmetric cell (stainless steel || separator || lithium metal) was assembled for Linear Sweep Voltammetry (LSV) testing at room
temperature. Fig. 5(F) illustrates the electrochemical stability window of the different composite separators used in this study.
Comparative analysis with the commercial PE separator reveals that pristine Esp-PVAM-based membranes exhibit slight oxidation
around 4.9 V (vs. Li/Li"). Additionally, Dip 3%PVDF@PVAM composite separators show oxidation reactions beginning at approxi-
mately 4.9 V (vs. Li/Li"), attributed to electrolyte decomposition. These findings indicate that excessive PVDF polymer impregnation
can lead to electrolyte breakdown at lower voltage levels. Optimally, Esp-PVAM composite separators with a balanced amount of PVDF
polymer coating demonstrate enhanced electrochemical performance. The Li || separator || Li symmetric cell was prepared with
commercial PE, pristine Esp-PVAM, Dip 1 % PVDF@Esp-PVAM, and Dip 3 % PVDF@Esp-PVAM composite separators to study the
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polarization potential and durability of the membranes, as reported in Fig. S3. Compared to conventional PE and non-coated Esp-
PVAM, the PVDF-impregnated PVAM membranes exhibited lower polarization and improved durability. This indicates that PVDF
coating enhances the stability and performance of the Esp-PVAM composite separators in lithium-ion batteries.

The electrochemical performances of the as-prepared electrospun PVAM membranes, including pristine Esp-PVAM, Dip 1%
PVDF@PVAM, and Dip 3%PVDF@PVAM composite separators, were tested, and their performances were compared with those of a
commercially available PE separator. The NCM811 cathode and Li metal anode were assembled in a CR2032-type coin cell with
different membranes in this work. All these cells were operated in the potential range between 2.5 and 4.3 V (vs. Li/Li") at a charge and
discharge current rate of 0.1C/0.1C for 5 cycles. The analysis results are shown in Fig. 6(A) and (B). The initial coulombic efficiencies
(ICE) and discharge capacities of the 2032-coin cells with various composite separators, such as (a) PE separator, (b) pristine Esp-
PVAM, (c) Dip 1%PVDF@Esp-PVAM, and (d) Dip 3%PVDF@Esp-PVAM, are approximately 71.6, 81.2, 80.6, and 83.8 %, and
183.8,196.5,193.2, and 191.4 mAh g’l, respectively. During the initial activation cycle, some overcharge occurred; however, after 5
cycles, the coulombic efficiencies (CEs) and discharge capacities of all cells stabilized. Notably, cells with pristine Esp-PVAM and
PVDF-coated Esp-PVAM composite separators demonstrated superior electrochemical performance compared to those using PE sep-
arators. This improvement is attributed to the Esp-PVAM nanofiber membranes’ excellent electrolyte uptake, wettability, and high
porosity. These characteristics facilitate rapid Li* ion transport, contributing to enhanced electrochemical performance at a 0.1C
discharge rate.

Fig. 6(C) shows the high-rate profiles of the cells based on the (a) PE separator, (b) pristine Esp-PVAM, (c) Dip 1%PVDF@Esp-
PVAM, and (d) Dip 3%PVDF@Esp-PVAM composite separators charged at 0.2C and discharged at various rates of 0.2C, 0.5C, 1C, 3C,
5C, and 10C. The corresponding charge/discharge cycles are shown in Figs. S1(A)—(D). The calculated discharge capacities of the
PVAM composite separators-based cells are summarized in Table S3. The cells based on the pristine Esp-PVAM and PVDF-coated Esp-
PVAM composite separators showed higher discharge capacities than those based on PE at high C rates. However, the cell with the Dip
1%PVDF@Esp-PVAM composite separator exhibited the highest discharge capacities across all C-rates. In contrast, when the PVDF
polymer content was increased to 3 wt%, the discharge capacities significantly decreased. This analysis indicates that an appropriate
amount of PVDF polymer coating on the pristine Esp-PVAM membrane can reduce porosity and enhance the mechanical strength of the
membrane, leading to markedly improved electrochemical performance. However, excessive impregnation blocks the pores of the
nonwoven membrane, slowing lithium-ion transport and reducing discharge capacity. Therefore, the optimal surface modification for
the Esp-PVAM composite separator is 1 wt% PVDF.

Fig. 6(D) displays the long-term cycling stability profiles of cells based on different separators: (a) PE separator, (b) pristine Esp-
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Fig. 6. Comparison of the electrochemical performances of different membranes, such as (a) PE, (b) pristine Esp-PVAM, (c) Dip 1%PVDF@Esp-
PVAM, and (d) Dip 3%PVDF@Esp-PVAM composite separators: (A). Initial cycles at a 0. C, (B). Activation of 5 cycles at 0.1C, (C). high-rate profile
in the range of 0.2C-10C rates, and (D). Long-term cycling stability test at 1C/1C for 100 cycles.
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PVAM, (c) Dip 1%PVDF@Esp-PVAM, and (d) Dip 3%PVDF@Esp-PVAM composite separators. These cells underwent 100 charge and
discharge cycles at a 1C/1C rate. The corresponding charge/discharge curves can be seen in Figs. S2A-D. After 100 cycles, the cells
retained discharge capacities of approximately 153.2, 159.5, 160.3, and 155.4 mAh g}, respectively. The capacity retentions of these
cells were approximately 80.8 %, 88.9 %, 93.4 %, and 91.3 %, respectively. From these results, the Dip 1%PVDF@Esp-PVAM com-
posite separator provides the best cycling stability and capacity retention (160.3 mAh g~ vs. 93.4 %), due to the balance of porosity
and mechanical strength that facilitates efficient lithium-ion transport.

AC impedance analysis was performed on half-cells with different separators: (a) PE separator, (b) pristine Esp-PVAM, (c) Dip 1%
PVDF@Esp-PVAM, and (d) Dip 3%PVDF@Esp-PVAM composite separators. Measurements were taken (A) before and (B) after long-
term cycling tests at a 1C/1C rate. The corresponding data are shown in Fig. 7(A) and (B). Enlarged views of the high-frequency region
are displayed in Fig. 7(C) and (D). The curves were fitted based on the AC impedance Circuit Model, with parameters including bulk
impedance (Ryp), charge transfer impedance (R.y), total impedance (Riota1), and Warburg impedance (Z,). The equivalent circuit model
is shown in the insets of Fig. 7(A) and (B).

Results indicate that cells with Esp-PVAM composite separators exhibit lower Ret (<50 ) during activation cycles, significantly
lower than the cell with the PE separator. After 100 cycles at 1C/1C, the Dip 1%PVDF@Esp-PVAM composite separator demonstrated
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Fig. 7. Nyquist plots of the 2032 cells based on the (a) PE separator, (b) pristine Esp-PVAM, (c) Dip 1%PVDF@Esp-PVAM, and (d) Dip 3%
PVDF@Esp-PVAM composite separators: (A) before and (B) after 100 cycles at a rate of 1C/1C; the high-frequency region is shown in (C) and (D).

The corresponding linear relation of Z' vs. o 1?2 plot for the calculation of the lithium-ion diffusion coefficient (Df}) in (E) and (F).
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the best performance in terms of overall impedance properties. The cell with pristine Esp-PVAM showed higher impedance in the early
activation stage, suggesting lower lithium-ion transport capability compared to the Dip 1%PVDF@Esp-PVAM cell after long-term
cycling. This indicates that the cycling stability of pristine Esp-PVAM can be improved by dip coating with a hydrophilic PVDF
polymer. The AC impedance results confirm that impregnating the Esp-PVAM membrane with PVDF polymer enhances the battery’s
long-term cycling performance. However, cells with Dip 3%PVDF@Esp-PVAM separators showed high total impedance, indicating
that excessive PVDF blocks the pores of the nonwoven membrane, slowing lithium-ion transport impairing cell performance. Thus,
modifying the Esp-PVAM composite separator with an optimal amount of PVDF polymer (1 wt%) enhances the long-term cycling
stability of Li-ion batteries.

In addition, AC impedance analysis was further utilized to obtain the lithium-ion diffusion coefficient (Df};) and exchange current
density (Jo) by using Eqns. (6) and (7), as follows:

2
2RT 2R2T?
DLH(sz 571): 2R = 4R 22 6
n2v/2 F26AC,;) N'F0*ATC
/ RT
Aem2)="0__"
To(Aem™) =) = iFR.A @

From the Nyquist plot, the Warburg impedance in the low-frequency region is the major parameter for calculating the lithium-ion
diffusion coefficient. In that region, the frequency is converted to ® (w = 2xf; here, o is the angular frequency, f is the frequency) to
determine the linear relationship against Z’ vs. o 2 (Fig. 7(E) and (F)), and the average slope obtained from the linear fit is substituted
into equation. (6) to calculate the Dy values for the cells based on different membranes and results are summarized in Table S4. These
results showed that the cell based on the Dip 1%PVDF@Esp-PVAM composite separator exhibited much greater Di; and Jg values after
long-term cycling for 100 cycles at a rate of 1C/1C; these results also prove that an appropriate amount of PVDF polymer coating can
effectively increase the lithium-ion diffusion coefficient. In contrast, it was also found that the impregnation of excess PVDF polymer
into the Esp-PVAM composite separators had a negative impact on the cell performance due to pore blocking after long-term charge/
discharge cycles. Overall, the Dip 1%PVDF@Esp-PVAM composite separators exhibited excellent physical and electrochemical
properties; thus, it achieved outstanding electrochemical performance at high C-rates. As shown in Table 1, the obtained results
indicate that the Dip 1%PVDF@Esp-PVAM composite separator is more comparable to previously reported LIB composite separators
[24,27-29,31].

4. Conclusions

In this study, a dip coating method was used to impregnate Esp-PVAM nonwoven composite separators with 1 % or 3 % PVDF
polymer to investigate its impact on battery safety and stability. This method ensured uniform polymer distribution, controlling pore
size on the membrane surface. Surface morphology analysis confirmed the presence of a uniform PVDF polymer coating on the Esp-
PVAM nanofibers. Consequently, the Dip 1 % PVDF@Esp-PVAM composite separator achieved higher electrolyte uptake than Dip 3 %
PVDF@Esp-PVAM due to its high porosity. Electrochemical performance and thermal stability evaluations of electrospun PVAM-based
composite separators showed significant improvements over commercially available PE separators. The pristine Esp-PVAM, Dip 1 %
PVDF@Esp-PVAM, and Dip 3 % PVDF@Esp-PVAM composite separators exhibited higher ionic conductivity and lower activation
energy, primarily due to enhanced liquid electrolyte uptake and excellent wettability. Incorporation of PVDF polymer, especially at an
optimal concentration of 1 wt%, significantly enhanced the mechanical strength, thermal stability, and electrochemical performance
of the separators. Thermal shrinkage tests indicated that PVDF-coated separators maintain structural integrity at elevated tempera-
tures, outperforming PE separators. DSC and TGA analyses confirmed the improved thermal stability of the composite separators due
to the PVDF coating. Electrochemical tests in half-cells showed that the PVDF-coated Esp-PVAM separators, particularly Dip 1 %
PVDF@Esp-PVAM, provided better charge/discharge capacities and cycling stability. AC impedance analysis revealed lower charge

Table 1
Comparison of the properties and performance of the Dip 1%PVDF@Esp-PVAM composite separators with previously reported composite separators.
Composite Separator Thickness Porosity Electrolyte uptake 6 (Sem™) Cathode Capacity retention (CR  Ref.
(pm) (%) (%) %)
Al,03-PI 27 70.4 440.2 3.64 x NCM523 + 95.5 % (1C, 200 [28]
104 LiMn,04 cycles)
PVDF/Al,03 74 55.8 152.4 2.23 x LiMn,04 98.2 % (1C, 100 [24]
1073 cycles)
ZIF-8/CNF 32 55 - 1.41 x LiFePO4 88.2 % (0.5C, 100 [31]
103 cycles)
Zeolite/PAN1.5 45 68.3 308.1 2.16 x LiFePO4 99.5 % (0.5C, 100 [29]
1073 cycles)
PE-PVDF 26 61.4 208.0 1.53 x NCM111 70.0 % (0.5C, 200 [27]
1073 cycles)
Dip 1%PVDF@Esp- 24 79.0 550.3 7.75 X NCMS811 93.4 % (1C, 100 This
PVAM 107 cycles) work
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transfer resistance and total impedance, confirming superior ionic conductivity and long-term stability. Lithium-ion diffusion coef-
ficient calculations based on Warburg impedance demonstrated enhanced ion transport properties for PVDF-coated separators. Esp-
PVAM composite separators, especially those with 1 wt% PVDF coating, offer a promising alternative to conventional PE separa-
tors, providing improved mechanical strength, thermal stability, and electrochemical performance. These advancements suggest
PVAM-based composite separators are well-suited for high-performance and safe LIB applications.
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