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Abstract Polyethylene (PE) and polypropylene (PP) are widely used in commercial lithium-ion battery (LIB) separators owing to their high me-
chanical strength and chemical stability. However, both polymers suffer from poor high-temperature tolerance, low porosity, and inadequate
electrolyte wettability, making it difficult to reconcile electrochemical performance with safety under thermal stress. Developing advanced lithi-
um-ion battery separators is therefore crucial for achieving high efficiency, safe LIBs. This study presents a boehmite/polyacrylonitrile (BM/PAN)
composite nanofiber separator fabricated by electrospinning and systematically examines how BM loading affects separator microstructure and
electrochemical behavior. Compared with commercial PP separators, the BM/PAN composites exhibit a unique three-dimensional interconnect-
ed fiber network, together with markedly improved wettability, thermal stability and electrochemical properties. The optimal formulation con-
tains 4 wt% BM (denoted PAN-BM-4) exhibited an outstanding wettability with electrolyte uptake of 692.5% with the porosity of 80.7% and elec-
trolyte contact angle of 25.5°, ensuring rapid electrolyte infiltration and efficient ion transport. It also displayed a higher mechanical property with
tensile strength of 7.9 MPa and elongation at break of 27% (cf. 6.5 MPa and about 45% for pure PAN), indicating enhanced structural integrity.
Meanwhile, such PAN-BM-4 separator demonstrates an excellent thermal stability with negligible shrinkage at 200 °C and a residual mass of
57.6% at 800 °C, effectively mitigating the thermal-runaway risk of conventional separators. Moreover, as to the electrochemical performance,
this unique PAN-BM-4 separator showed an ionic conductivity of 3.31 mS/cm, more than six times that of commercial PP, and the electrochemi-
cal stability window exceeding 5.5 V (versus Li*/Li) and a Li* transference number (t;*) of 0.42, substantially higher than PP (0.28) and pure PAN
(0.34), reflecting enhanced selective Li* transport. Besides, in half-cell testing, the PAN-BM-4 separator delivers an initial discharge capacity of
140.6 mAh/g at 0.5 C with 88.3% capacity retention after 100 cycles. In summary, this work establishes a viable materials-design strategy and ex-
perimental framework for next-generation LIB separators that simultaneously achieve high ionic conductivity, superior thermal stability and fa-
vorable interfacial compatibility.
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INTRODUCTION

Lithium-ion batteries (LIBs) have been widely adopted in elec-
tric vehicles and energy storage devices. Their excellent perfor-
mance characteristics, including light weight, high energy den-
sity, and long cycle life, depend critically on the synergistic func-
tion of various core components.'"*! These components pri-
marily comprise the cathode, anode, electrolyte, and separator.
Among them, the separator (aka diaphragm) serves a pivotal
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role by physically isolating the cathode and anode to prevent
internal short circuits, while enabling free transport of lithium
ions, providing guarantee for normal charging and discharging
of the battery.>® The failure of commercial polyolefin separa-
tors under high-temperature and high-rate conditions stems
from intrinsic material limitations. Thermally, the low melting
points of polyethylene (PE) (about 135 °C) and polypropylene
(PP) (about 165 °C) cause severe shrinkage or rupture once
overheated. Celgard 2400 (PP), for instance, exhibits noticeable
shrinkage at 120 °C and, after 1 h at 180 °C, warps, discolors and
shrinks by up to 88%.7#! Celgard 2325 (PP/PE/PP) incorporates a
shutdown mechanism, yet its shutdown and rupture tempera-
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tures are only 136.8 and 163.3 °C respectively; the narrow about
30 °C safety window is readily breached during thermal run-
away, leading to internal short circuits.!”! Electrochemically, the
non-polar backbone of polyolefins yields poor electrolyte wet-
tability: Celgard 2400 has a contact angle of 66° and an elec-
trolyte uptake of merely 102.8%, which promotes electrolyte
dry-out in later cycles.'” Its low porosity (41.5%) and poor wet-
tability restrict ionic conductivity to 0.51 mS/cm, intensifying
ohmic polarization during high-rate discharge and fostering
non-uniform lithium dendrite growth.'"' The resulting Joule
heat further elevates cell temperature, accelerating separator
shrinkage and strength loss, which in turn facilitates dendrite
penetration and ultimately triggers thermal runaway. To over-
come these deficiencies, extensive research has produced ad-
vanced fabrication techniques including non-solvent induced
phase separation (NIPS),['*! in situ covalent coupling* and elec-
trospinning.l" Among these, electrospinning has emerged as
the leading platform because it yields nanofiber membranes
with three-dimensional interconnected networks. The high
porosity efficiently retains liquid electrolyte, thereby enhancing
jonic conductivity and overall electrochemical performance.
Precursor polymers such as poly(vinylidene fluoride) (PVDF),l'?!
PVDF-hexafluoropropylene  (PVDF-HFP),'”?  polyacrylonitrile
(PAN)'®! and polyimide (P)!'? have all been successfully
demonstrated.

Polyacrylonitrile (PAN) is particularly attractive owing to its
excellent spinnability and polar character. Its nanofiber net-
work achieves porosities up to 71.2% with uniform pore-size
distribution, substantially reducing lithium-ion transport tor-
tuosity.l201 More importantly, PAN undergoes a cyclisation re-
action at about 300 °C in air to form a trapezoidal heat-resis-
tant structure. This transformation releases heat yet causes
only minor fiber shrinkage rather than melting flow, preserv-
ing structural integrity above 200 °C.2" This mechanism fun-
damentally eliminates the catastrophic shrinkage and short-
circuits risk associated with thermoplastic polyolefins.

Boehmite (BM, y-AIOOH) serves as an inorganic reinforce-
ment phase. Its orthorhombic crystal structure (space group
Cmc21, lattice parameters a=2.87 A, b=12.23 A, c=3.69 A)
confers excellent thermal stability and chemical inertness.
Density-functional-theory calculations confirm that surface
hydroxyl groups adsorb ethylene carbonate with an energy of
-1.21 eV, markedly improving electrolyte wetting and reten-
tion.l221 Meanwhile, BM's low hardness avoids abrasive dam-
age to the fibres while suppressing dendrite growth. When
embedded in the PAN three-dimensional network, BM parti-
cles physically constrain thermal motion of PAN chains prior
to cyclisation, and their surface —OH groups hydrogen-bond
with PAN cyano groups (C=N), synergistically enhancing di-
mensional stability and mechanical strength.[23]

Collectively, this composite system addresses polyolefin
melt-shrinkage through PAN's cyclisation mechanism and
overcomes poor wettability and dendrite penetration via
BM's polar adsorption and low hardness, achieving a system-
atic improvement in thermal safety, electrochemical perfor-
mance and mechanical stability from both molecular and
structural perspectives. Based on the above analysis, this
study incorporated boehmite (BM) nanoparticles into the
polyacrylonitrile (PAN) electrospinning system. The BM/PAN

composite nanofiber membranes with varying BM loadings
were fabricated via the sol-gel-assisted electrospinning pro-
cess, and the effects of BM content on fiber morphology,
thermal stability, electrolyte affinity and electrochemical per-
formance were systematically investigated to identify the op-
timal doping ratio. Lithium-ion batteries (LIBs) assembled
with the optimized composite nanofiber membrane exhibit-
ed markedly improved impedance characteristics, cycling sta-
bility and rate capability.

EXPERIMENTAL

Materials and Reagents

Polyacrylonitrile (PAN, M,,=103 kDa, Huizhi Electric Textile Enter
Enterprise Store, China), N,N-dimethylformamide (DMF, C3H;NO,
99.9%, Shanghai Aladdin Biochemical Technology Co., Ltd).
Lithium iron phosphate electrode (LiFePO,, Shenzhen Kejing
Zhida Technology Co., Ltd), and boehmite (AIOOH) particles (av-
erage particle size 680 nm, 99.5%, Shanlin Stone Language Min-
eral Products Co., Ltd.) were used as received. The electrolyte
was a 1.0 mol/L lithium hexafluorophosphate (LiPF4) solution in
a mixed solvent of dimethyl carbonate (DMC), diethyl carbon-
ate (DEC), and ethylene carbonate (EC) at a 1:1:1 volume ratio
(Suzhou Zhongyan Chemical Technology Co., Ltd.).

A commercial polypropylene (PP) membrane (Celgard
2400, thickness about 25 pm, producer) was employed as the
reference separator. All reagents are of analytical grade and
used without further purification unless otherwise specified.

Preparation of Pure PAN Nanofiber Membrane

The precursor solution was prepared via the sol gel method.*”
PAN powder was dissolved in DMF to prepare spinning solu-
tions with mass fractions of 12%, 14%, and 16%, respectively.
The mixed solution was placed in a constant-temperature wa-
ter bath of 60 °C and magnetically stirred for 4 h, followed by ul-
trasonic oscillation for 1 h to obtain a uniform, transparent, pale-
yellow precursor solution (Fig. 1). After static defoaming for 12
h, electrospinning was performed using the following parame-
ters: DC voltage of 15 kV, feed rate of 0.8 mL/h, collector drum
speed of 1000 r/min, tip-to-collector distance of 15 cm, ambient
temperature of (25+2) °C, relative humidity of 40%=+5%. The as-
spun fiber membranes were vacuum-dried at 60 °C for 4 h to re-
move residual solvent.

Preparation of BM/PAN Composite Nanofiber
Membrane

Boehmite (BM) powder with mass fractions of 2%, 4%, and 6%
was ground for 30 min and subsequently added to certain
amount of DMF. The mixture was subjected to ultrasonic vibra-
tion for 2.5 h in constant-temperature water bath at 60 °C to en-
sure uniformly dispersion of BM powder in DMF without visible
particle precipitation, yielding a stable BM/DMF dispersion. For
the preparation of BM/PAN composite spinning solutions, the
BM dispersions of varying concentrations were mixed with the
optimal PAN solution at predetermined ratios. The mixtures
were further ultrasonicated at 80 °C for 1.5 h to achieve uniform
dispersion of BM within the PAN solution, forming a series of
BM/PAM composite electrospinning solutions (Fig. 1). After de-
foaming, electrospinning was conducted using identical param-
eters as described in Preparation of Pure PAN Nanofiber
Membrane section. The prepared composite nanofiber mem-
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Fig. 1 Schematic diagram of the fabrication of boehmite (BM)/polyacrylonitrile (PAN) composite nanofiber separators and their application in

lithium-ion batteries.

branes were drying in a vacuum oven at 60 °C for 4 h, and the
resulting samples were named PAN-BM-x (x=20, 35, 50, repre-
senting the mass fraction of boehmite (BM) nanoparticles in
PAN).

Characterizations

Structure and morphology analysis

The surface morphology of the membrane was examined using
a field emission scanning electron microscope (FE-SEM, Zeiss
Merlin Compact, Germany) at an acceleration voltage of 5 kV
and gold spraying treatment for 30 seconds prior to capture im-
ages. Fiber diameters were measured by randomly selected 100
fibers were using Image J software.

Fourier transform infrared spectroscopy (FTIR, VERTEX 70,
USA) was employed to analyze the surface functional groups
in the range of 400-4000 cm~', with a resolution of 4 cm™.

X-ray diffraction (XRD, D8 ADVANCE, Germany) was used to
characterize the crystal structure using CuKa radiation
(A=0.154 nm) at 40 kV and 40 mA with a scanning range of 20
from 10° to 70° at a rate of 5 (°)/min.

Thermal performance analysis

Thermal performance was evaluated using a synchronous ther-
mal analyzer (TG-DSC, NETZSCH STA 509 Jupiter, Germany).
Samples (about 5 mg) were placed in an alumina crucible and
heated from 20 °C to 800 °C at a heating rate of 10 °C/min un-
der an argon atmosphere. Heat resistance was assessed based
on the melting endothermic peak in the differential scanning
calorimetry (DSC) traces obtained simultaneously, while the ini-
tial decomposition temperature and residual mass were deter-
mined from the TG curve.

The thermal dimensional stability of the separator film is
quantitatively evaluated by measuring the change in its area
before and after high-temperature treatment, according to
Eq. (1),25]

Ap—A
Thermal shrinkage (%) = =2

X 100 (M
0

where Ay and A stand for the surface area of the separator film
before and after thermal treatment, respectively.

Mechanical performance testing

The mechanical performance of the prepared nanofiber mem-
brane was characterized using a fiber tensile strength tester
(Shanghai Chenhua Instrument Co., Ltd. XWW-20A universal
testing machine, China). The membrane was cut into specimen
strips of 10 mm x 50 mm and tested at a tensile speed of 20
mm/min with a clamping distance set at 20 mm. The stress-
strain curve during the tensile process was recorded and the av-
eraged value of five tests was reported hereby.

Porosity and Electrolyte Wettability Evaluations

The porosity of the membrane was measured by using n-bu-
tanol liquid absorption method. Membranes were cut into cir-
cular pieces (diameter=19 mm), vacuum-dried at 60 °C for 12 h,
and weighed to obtain the dry mass (My). The membranes were
then immersed in n-butanol for 2 h, removed, gently wiped with
filter paper to remove excess surface liquid, and reweighed to
obtain the wet film (M,,). Porosity was calculated using Eg. (2),1%)

P(%):%xmo 2)
where, P is the porosity (%), M,, and My are wet and dry mem-
brane masses (g), respectively, and p is the density of n-butanol
(g/cm3) and V4 is the volume of the dry membrane (cm3).

The electrolyte contact angle (drop volume = 3 pL) was
measured using a contact angle goniometer (Kruss DSA 100,
Germany) to quantitatively evaluate the surface wettability.
Measurements were performed at a minimum of five differ-
ent locations per sample, and ImageJ was used to calculate
the angle between the electrolyte droplet and the mem-
brane surface, and then the average value was reported.
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For electrolyte uptake measurement, a predetermined
mass of dry membrane was immersed in electrolyte for 2 h,
then removed. Excess electrolyte was gently wiped from the
surface with filter paper, and the membrane was reweighed.
All tests were conducted in an argon-filled glove box. The
electrolyte uptake (EU) was calculated using Eq. (3),27!

W, — W,
EU(%):%XWO 3)
0

where W, and W, represent the mass of the dry membrane and
the electrolyte-saturated membrane, respectively.

Electrochemical performance analysis

The ionic conductivity of the membrane was determined by
electrochemical impedance spectroscopy (EIS). Membranes
were cut into circular samples (diameter 19 mm) and assem-
bled into a stainless steel (SS)/membrane/stainless steel (SS)
symmetric cell in an argon-filled glove box (H,0<0.1 cm3/m?,
0,<1 cm?*m?3) with appropriate electrolyte addition. The cells
were assembled in CR2032 coin cell cases and allowed to equili-
brate for 12 h prior to testing. The alternating current (AC)
impedance measurements were performed at room tempera-
ture using an electrochemical workstation (CH Instruments,
USA) in a two-electrode configuration, with a frequency range
of 100 mHz to 1 MHz and amplitude of 5 mV. The bulk resis-
tance (R,) was determined from the intercept of the high-fre-
quency semicircle with the real axis, and ionic conductivity (o)
was calculated using Eq. (4),°]

o= d
Rp XS
where d is the membrane thickness (um), S is the effective
membrane area (cm?), and Ry, is the bulk impedance (Q).

To eliminate the impact of membrane thickness differ-
ences on the evaluation of ion transport performance, the
area-specific resistance (ASR) is used for a thickness-indepen-
dent fair comparison. According to the definition of ionic con-
ductivity as shown in Eq. (4) and ASR (Q-cm?) is expressed as
shown in Eq. (5), representing the total ionic transport resis-
tance per unit area of the membrane. A lower ASR value indi-
cates a smaller actual hindrance for ions passing through the
membrane.

(4)

d
ASR=RbXS=6. (5)

where R, is the bulk resistance (Q) obtained from the Nyquist
plot, d is the thickness of the membrane (cm), and S is the effec-
tive geometric area of the stainless-steel electrode (electrode di-
ameter 15.6 mm,S=1.91 cm?).

The electrochemical stability window was evaluated by lin-
ear sweep voltammetry (LSV). The membrane was sand-
wiched between a stainless steel (SS) working electrode and a
lithium counter/reference electrode. Cell assembly was con-
ducted in an argon-filled glove box. LSV measurements were
performed at room temperature from 2 V to 6 V at a scan rate
of 5 mV/s. The electrochemical stability window is defined as
the potential corresponding to an anodic current density of
0.05 mA/cm?2. Based on the geometric area of the stainless-
steel electrode (diameter 15.6 mm, S = 1.91 cm?), the original
current corresponding to this cutoff current density is ap-
proximately 0.096 mA.

The lithium-ion transference number (t ;+) was measured
using a combination of AC impedance (EIS) and DC polariza-

tion (I-t) techniques. During the test, a separator soaked with
liquid electrolyte was placed between two lithium metal
sheets to assemble a Li||Li symmetric coin cell. The lithium-ion
transference number (t,;+) was calculated using the following
Eq. (6),129

= 2= ToRo) )

IO (V_ IsRs)

where I and /; are the initial current before polarization and the
steady-state current after polarization, respectively. Ry and R; are
the battery interface resistances before and after polarization,
respectively. Vis the applied step potential.

Cycle and rate performance testing

Half-cells were assembled in an argon-filled glove box using
LiFePO, as the cathode and lithium metal as anode. The separa-
tor was cut into circular sample (diameter 19 mm), placed be-
tween the electrodes, and wet with appropriate electrolyte. The
cell was packaged in a CR2032 battery coin cell case and sealed
tightly using a coin cell crimper (MSK-10, China). The sealed cells
were removed from glove box and allowed to rest at room tem-
perature for 24 h to ensure complete electrolyte infiltration into
the separator and electrodes.

Cycling and rate performance tests were conducted using a
battery cycler (CT-4008T-5V20mA-S4, Neware, China) with a
voltage range of 3.0-4.2 V. Cells were initially subjected to
formation cycling at a low rate of 0.1 C/0.1 C, followed by 100
charge-discharge cycles at a rate of 0.5 C to evaluate cycling
stability. For rate capability testing, cells were charged at a
rate of 0.1 C and discharged at progressively increasing rates
of 0.2, 0.5, 1, 2, and finally returned to 0.2 C, with five cycles at
each rate.

RESULTS AND DISCUSSION

Morphology Analysis

Fig. 2 presents SEM images and corresponding fiber diameter
distributions of electrospun nanofiber membranes prepared at
varying PAN concentrations and BM doping levels. For pure
PAN fiber membranes (Figs. 2a-2c), at 12 wt% PAN, the fibers
exhibited smooth surface with uniform diameter (462.9+13.4
nm), and no inter-fiber adhesion (Fig. 2a). As the concentration
increased to 14 wt% and 16 wt%, the average fiber diameter in-
creased to (523.8+5.1) nm and (707.0+£7.7) nm, respectively,
with severe fiber adhesion and agglomeration observed in the
16 wt% sample (Fig. 2c). This phenomenon arises from the sig-
nificant increase in viscosity of the spinning solution at higher
polymer concentrations, which weakens the electric field
stretching of the jet during the electrospinning. Concurrently,
reduced jet stability leads to fiber adhesion.*” Based on the
comprehensive evaluation of fiber morphology, diameter uni-
formity, and membrane structural integrity, PAN-12 was select-
ed as the base matrix for subsequent BM doping.

Upon introducing BM nanoparticles (Figs. 2d-2f), PAN-BM-
20 (20 wt% BM) fibers remained smooth surfaces with only
sparse BM particle distribution (Fig. 2d). PAN-BM-35 (35 wt%
BM) exhibited both smooth fiber surfaces and uniform BM
particles distribution throughout the fibers and membrane,
with an average fiber diameter of (320.15+5.74) nm (Fig. 2e).
In contrast, PAN-BM-50 (50 wt% BM), despite further reduced
fiber diameter (270.98+3.38 nm), displayed partial fiber frac-
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ture and structural damage (Fig. 2f). These changes can be at-
tributed to the fact that at low BM doping levels, nanoparti-
cles refine the fibers by reducing the apparent viscosity of the
spinning solution and enhancing the jet stretching," while
maintaining good compatibility with the PAN matrix. Howev-
er, at high doping levels, excessive particle aggregation and
stress concentration compromise fiber structural integrity.
Hereby, 12 wt% PAN is the optimal matrix concentration, and
35 wt% BM doping yields membranes with uniform morphol-
ogy and intact structure, providing a crucial morphological
foundation for the subsequent development of high-perfor-
mance lithium-ion battery separators.

Chemical Composition and Crystal Structure

The Fourier transform infrared spectroscopy (FTIR, Figs. 3a-3c)
revealed characteristic absorption peaks for all samples. The
stretching vibration of cyano group (—C=N) at 2243 cm™' con-
firms the intact main structure of PAN molecular chains. The
peak at 1079 cm™ is attributed to the ether bond (C—0—C) vi-
brations, while characteristic peaks at 745 cm™ and 617 cm™
correspond to the Al-O bond vibration of boehmite, indicating
successful incorporation of BM into the PAN matrix.*?

X-ray diffraction (XRD, Figs. 3d-3f) analysis identified the
characteristic diffraction peaks of BM at 26=14.482°. The mea-
sured diffraction patterns were respectively matched and
compared with the standard PDF card of PAN (PDF#00-048-
2119) and of boehmite (PDF#98-000-0120) to complete phase
identification as noted in Fig. 3(d). Pure PAN samples exhibit-
ed a broad amorphous halo centered at 26=16.7°, characteris-
tic of the disordered structure of PAN molecular chains.*3! For
pure PAN systems, as concentration increases from 12% to
16%, the intensity of PAN characteristic peaks gradually de-
creases with reduced full width at half maximum (FWHM),
though peak shapes remain broad. However, SEM characteri-
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zation revealed that 16% PAN caused severe fiber adhesion
due to high solution viscosity, compromising membrane per-
formance.

In the BM doped systems, as BM content increased from
20% to 50%, PAN characteristic peak intensity progressively
decreased with synchronous reduction in FWHM, while peak
shape remains broad yet became more defined. This indi-
cates that BM nanoparticles induce more regular arrange-
ment of PAN molecular chains through physical
interactions.3¥ The BM characteristic peak intensity re-
mained stable from 20% to 35%, but decreased significantly
at 50% BM, highly consistent with SEM-observed fiber frac-
ture and particle aggregation at this doping level (Fig. 2f),
confirming that excessive BM causes diffraction signal disper-
sion due to aggregation effect.

Although 16% PAN exhibited improved molecular chain
regularity, severe fiber adhesion obstructs pore channels, re-
ducing porosity and electrolyte permeability, thereby com-
promising the essential ion transport function of lithium-ion
battery separators. In contrast, 12% PAN, despite slightly low-
er molecular chain regularity, forms smooth fibers without
bead-like defects or adhesion, creating a continuous, uniform
three-dimensional porous network structure that ensures ad-
equate electrolyte infiltration and rapid lithium-ion transport.
More importantly, with BM doping, the 12% PAN matrix not
only enhances molecular chain regularity through particle ac-
tion but also maintains excellent porous structure. At 35%
BM, particles are uniformly dispersed without aggregation-in-
duced structural damage. Therefore, considering porous
structure integrity, ion transport efficiency, and doping modi-
fication stability, 12% PAN serves as the optimal matrix for
constructing high-performance separators, with 35% BM
identified as the optimal doping level.
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Fig. 2 SEM images and corresponding fiber diameter distribution of electrospun PAN based fiber membranes with (a-c) different PAN
concentrations and (e-f) boehmite (BM) doping levels: (a) 12 wt% PAN, (b) 14 wt% PAN, (c) 16 wt% PAN, (d) PAN-BM-20, (e) PAN-BM-35, and (f) PAN-

BM-50.
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Wetting Kinetics and Electrolyte Penetration

The porosity, electrolyte uptake, and contact angle of separa-
tors are critical parameters for evaluating electrolyte affinity. As
shown in Figs. 4(a) and 4(b), commercial Celgard 2400 mem-
brane exhibits a porosity of merely 41.5%, electrolyte uptake of
114.1% and a contact angle as high as 44.9°. These limitations
arise from its narrow slit-shaped pores formed by dry stretching
and the inherently non-polar surface of the polyolefin material.
In market contrast, all electrospun PAN-based membranes dis-
play three-dimensional porous structure with porosities ex-
ceeding 72%.5°! Within the pure PAN system, the 12 wt% PAN
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(a—c) FTIR spectra and (d-f) XRD patterns of electrospun PAN based fiber membranes with different PAN concentrations and boehmite

membrane achieved a porosity of 84.9% and electrolyte uptake
of 545.3%, both significantly surpassing those of the 14 wt%
and 16 wt% samples. The 16 wt% PAN samples exhibited re-
duced porosity (72.5%) and electrolyte uptake (433.1%) due to
severe fiber adhesion obstructing pore channels. Upon BM dop-
ing, electrolyte uptake displayed a volcanic-shaped trend, ini-
tially increasing and then decreasing. The PAN-BM-35 mem-
brane reached a peak uptake of 692.5%, representing a 27.0%
increase over pure PAN-12, while PAN-BM-50 declined to
580.2%. This indicates that optimal BM content synergistically
enhances the electrolyte absorption capacity through the hy-
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Fig. 4 Properties of commercial PP and electrospun PAN-based membranes: (a) electrolyte uptake, (b) porosity, (c) electrolyte contact angle, (d
dynamic wetting and spreading on PP and PAN-BM-35 surfaces, (€) optical images of actual electrolyte wetting on membranes.

drophilic effect of surface hydroxyl groups and uniform porous
structure. However, excessive BM induces particle aggregation,
disrupting pore continuity and reducing electrolyte uptake.>®

Contact angle measurements (Fig. 4c) further corroborate
these findings. The 12 wt% PAN membrane exhibited a con-
tact angle of 0°. The contact angle results in Fig. 4(c) show
that the contact angles of 12 wt%, 14 wt%, and 16 wt% PAN
membranes are all 0°, achieving complete electrolyte wetting.
Although PAN-BM-35 displayed a slightly elevated contact
angle of 25.5° following BM doping, this value remains sub-
stantially lower than the 44.9° of PP membrane.

The dynamic wetting and penetration kinetics of the pre-
pared membrane with liquid electrolyte were characterized
through contact angle measurements, with results presented
in Fig. 4(d). The commercial PP membrane exhibits an initial
electrolyte contact angle of approximately 44.9°, indicating
poor intrinsic affinity with the polar electrolyte. After 30 sec-

onds, the contact angle decreases only marginally to 34°, with
no observable droplet spreading or penetration, demonstrat-
ing extremely sluggish wetting kinetics. In marked contrast,
the PAN-BM-35 membrane displays an initial contact angle of
merely 27.6°, signifying superior intrinsic wettability. The con-
tact angle rapidly diminishes to 0° within 0.75 seconds, with
complete electrolyte spreading and penetration into the
membrane's porous skeleton, achieving ultrafast electrolyte
infiltration at a rate exceeding 40 times that of the commer-
cial PP membrane. However, the PAN-BM-35 membrane dis-
plays an apparently paradoxical wetting behavior: its initial
contact angle is 25.5°, higher than the near-0° value of the
pure PAN-12 membrane, yet the electrolyte droplet fully pen-
etrates and vanishes within 0.75 s (Fig. 4d). This can be ex-
plained by the synergistic interplay between BM-induced sur-
face chemistry and microstructure.

Chemically, BM particles partially coat the PAN fibers, and
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the exposed AI-OH groups are less polar than the native
—C=N groups, lowering the surface energy from strongly
hydrophilic to moderately hydrophilic. Physically, BM
nanoparticles create nanoscale protrusions that substantially
increase surface roughness. Szewczyk et al. demonstrated
that for electrospun fiber mats, surface geometry (roughness)
rather than chemical composition is the dominant determi-
nant of the apparent contact angle.’”] In the present system,
the increased roughness prevents the droplet from fully wet-
ting the nanoscale grooves upon initial contact, so the
droplet remains in a partially non-wetted state, and the ap-
parent angle stabilizes at 25.5°. Simultaneously, the three-di-
mensional interconnected network (porosity 80.7%) provides
abundant through-channels; capillary action rapidly draws
the electrolyte into the membrane bulk, completing full infil-
tration in 0.75 s5.381 Thus, the 25.5° contact angle does not sig-
nify poor wettability but rather reflects an optimised balance
of surface chemistry and pore architecture, attesting to the
excellent electrolyte affinity of the PAN-BM composite mem-
brane.

The photographs in Fig. 4(e) visually demonstrate the wet-
ting behavior of different membranes. On commercial Cel-
gard PP, electrolyte forms discrete droplets, indicating slow
electrolyte diffusion and poor wettability. In contrast, elec-
trolyte rapidly spreads and complete infiltrates the PAN-12

8000
7000 |
6000 f /
5000 |
S 4000 7
N 7/
3000 | s ¢
2000 7 f
1000 1 gy ,
0 1 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000
Z(Q)
0.18
C
0.16
— — PP
e 014F — pAN-12
S — PAN-14
T 0121 —PAN-16
£ —— PAN-BM-20
2 010 PAN-BM-35
2 oogl — PAN-BM-50
©
g 06t S/
S 004
0.02

0
3.0 35 4.0 4.5 5.0 55 6.0
Potential (V)

Fig. 5

membrane surface without visible residue, visually confirm-
ing its exceptional hydrophilicity with a 0° contact angle. The
PAN-BM-35 surface also exhibits rapid electrolyte spreading
with only a thin liquid film at the edges, indicating that mod-
erate BM doping preserves membrane hydrophilicity. Howev-
er, small droplet residues appear on PAN-BM-50, attributed to
surface irregularities caused by excessive BM aggregation.

Electrochemical Performance

The electrochemical characterization results in Fig. 5 compre-
hensively reveal the ion transport characteristics and interfacial
stability of different separators. In the electrochemical
impedance spectrum (EIS) shown in Fig. 5(a), the intersection of
the high-frequency semicircle with the real axis corresponds to
the bulk resistance Ry,. The calculated ionic conductivity (6,
mS/cm) and area-specific resistance (ASR, Q-cm?) are summa-
rized in Table 1. The commercial PP separator exhibits an R, of
2.88 Q and an ion conductivity of merely 0.31 mS/cm. The pure
PAN-12 membrane shows reduced Ry, of 1.19 Q and enhanced
ion conductivity of 2.08 mS/cm, directly attributed to its high
porosity, open pore structure, and excellent electrolyte wetta-
bility. The PAN-BM-35 membrane further reduced Ry, to 0.72 Q,
achieving an ion conductivity of 3.31 mS/cm, which is about
10.7 times that of the PP and 1.6 times that of the pure PAN-12
membrane. This conductivity level ranks among the highest re-
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resistances, (b) Li/separator/Li cells; (c) Linear sweep voltammetry (LSV) traces of SS/separator/Li cells (dashed line indicates the cutoff threshold of
0.05 mA/cm?), and (d) electrochemical impedance spectra of Li/diaphragm/Li cells before and after polarization.
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Table 1  Physical characteristics and electrochemical performance of
commercial celgard and PAN nanofiber membranes.

Separator  Thickness (mm) Rp(Q) & (mS/cm)  ASR (Q-cm?)

PP 0.025+0.002 2.88 0.31 5.50
PAN-12 0.070+0.002 1.19 2.08 2.27
PAN-14 0.070+0.003 1.38 1.79 2.64
PAN-16 0.068+0.002 2.20 1.09 4.20
PAN-BM-20 0.070+0.005 0.89 2.76 1.71
PAN-BM-35 0.068+0.005 0.72 3.31 1.38
PAN-BM-50 0.066+0.005 1.04 2.24 1.99

ported for electrospun PAN-based composite membranes, at-
tributed to: (1) surface hydroxyl groups on BM particles enhanc-
ing electrolyte affinity and effective electrolyte retention; (2)
uniformly dispersed BM nanoparticles forming ion-conductive
bridges within the PAN matrix, providing additional lithium-ions
transport pathways; (3) the three-dimensional interconnected
nanofiber network offering continuous, low-tortuosity channels
for ion migration.B%

Fig. 5(b) presents the charge transfer resistance (R.) values
obtained from EIS fitting. The PP separator exhibits a high R
of 182.3 Q, indicating poor electrode-electrolyte interfacial
contact. The pure PAN-12 membrane reduces R, to 121 Q,
while PAN-BM-35 further decreases it to 87 Q, a reduction of
46.4%. This diminished interface impedance mitigates lithi-
um-ion accumulation at the electrode/separator interface
and suppresses lithium dendrite nucleation and growth. Ex-
cessive BM doping (50 wt%) increases R, to 112 Q, directly as-
sociated with fiber fracture and interfacial heterogeneity in-
duced by particle aggregates.

The electrochemical stability of the membranes under ox-
idative conditions was evaluated by linear sweep voltamme-
try (LSV) with the corresponding results are shown in Fig. 5(c).
A current-density threshold of 0.05 mA/cm? was adopted as
the onset of electrolyte decomposition. Commercial PP sepa-
rators begin to decompose at about 5.0 V (versus Li*/Li). The
PAN-16 and PAN-14 membranes extend this limit to about 5.1
V and 5.4 V respectively, whereas the PAN-12 membrane
achieves a substantially wider window of 5.9 V. Notably, all
BM-doped membranes (PAN-BM-20, PAN-BM-35 and PAN-
BM-50) maintain current densities below the cutoff through-
out the entire scan up to 6.0 V, indicating that their anodic
stability exceeds the instrument limit. This superior perfor-
mance is attributed to the excellent electrolyte-retention ca-
pacity of the composite, which suppresses local electrolyte
depletion and associated oxidative decomposition at high
potential. Uniformly dispersed BM nanoparticles, with their
intrinsic chemical inertness and high specific surface area, fur-
ther stabilise the electrode-electrolyte interface and retard its
degradation.[*0]

The lithium-ion transference number (t ;+) was measured
by the Bruce-Vincent method, and the corresponding
chronoamperometry curves and impedance spectra before
and after polarisation are shown in Fig. 5(d). The PAN-BM-35
membrane achieves t;=0.42, a 50% increase over commer-
cial PP (0.28) and a 24% increase over pure PAN-12 (0.34). This
enhancement arises from three synergistic factors. First, the
high porosity (80.7%) and three-dimensional interconnected
nanofibre network provide abundant, low-tortuosity chan-

nels for Li* transport, shortening the effective diffusion dis-
tance and accelerating ion migration. Second, the high elec-
trolyte uptake (692.5%) ensures sufficient electrolyte reten-
tion within the porous structure, maintaining a continuous Li*
supply and alleviating concentration polarization at the elec-
trode-electrolyte interface. Third, surface hydroxyl groups
(—OH) on BM nanoparticles hydrogen-bond with PF4 anions,
effectively immobilizing some anions and promoting prefer-
ential Li* transport. This selective anion anchoring, combined
with physically enhanced ion transport, enables the mem-
brane to deliver both high-flux Li* conduction and improved
Li* selectivity.[*1]

Thermal Stability and Flame Retardancy Analysis
Under overcharge, short-circuit, or high-temperature condi-
tions, lithium-ion battery separators must withstand extreme
temperatures without significant thermal shrinkage or struc-
tural damage, preventing direct contact between electrodes
that could trigger thermal runaway. Consequently, thermal sta-
bility represents a critical safety indicator for battery perfor-
mance.*? Hereby, the thermal dimensional stability was as-
sessed by exposing separators to elevated temperatures. As
shown in Fig. 6(a), commercial Celgard PP undergoes severe
curling and melting after 30 min at 200 °C, with an area shrink-
age exceeding 95% and complete loss of structural integrity.
The pure PAN membrane does not melt under the same condi-
tions but exhibits obvious warping. By contrast, all BM-doped
PAN composites retain their shape with negligible curling and
an area shrinkage below 3%. When the temperature is raised to
250 °C, pure PAN warps significantly (area shrinkage 24.6%). The
BM-doped composites also deform, yet to a markedly lesser de-
gree: area shrinkage falls to 19.9%, 15.2% and 10.2% for PAN-
BM-20, PAN-BM-35 and PAN-BM-50 respectively, with PAN-BM-
50 showing a nearly 60% reduction relative to the pure PAN sys-
tem. Although the boehmite inorganic framework cannot fully
suppress thermal deformation of the PAN matrix at extreme
temperatures, it effectively restricts chain mobility through
physical confinement, rendering the composite separators sub-
stantially more dimensionally stable than their pure PAN coun-
terpart.l**!

Fig. 6(b) presents visual ignition test results. The PP separa-
tor ignites rapidly and burns vigorously within 1 s, while com-
bustion of the 12 wt% PAN separator proceeds significantly
slower. The PAN-BM-35 separator demonstrates the longest
combustion delay, indicating that BM nanoparticles effective-
ly suppress flame propagation and enhance flame
retardancy.[*l These experiments preliminarily confirm that
PAN/BM nanofiber membranes possess superior high-tem-
perature resistance and flame-retardant potential compared
to commercial PP membranes. To further quantify thermal
stability, differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA) were performed. Fig. 6(c) shows a
pronounced melting endotherm for the PP membrane at
166.3 °C, corresponding to its thermal runaway onset temper-
ature. In contrast, PAN-based membranes exhibit melting/de-
composition peaks above 300 °C, with PAN-BM-35 peaking at
301.9 °C, slightly higher than pure PAN-12 (300.8 °C), confirm-
ing that BM doping enhances thermal stability and delays
thermal decomposition.

TGA results (Fig. 6d) indicate complete PP decomposition
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Fig. 6 (a) Dimensional stability after thermal treatment at various temperatures, (b) photographs during ignition tests, (c) differential scanning

calorimetry (DSC) and (d) thermogravimetric analysis (TGA) traces.

near 460°C (0% residual mass), whereas PAN-based mem-
branes retain significant residue at 800°C: PAN-12 shows
53.9% residual mass, while PAN-BM-50 further increases to
57.6%. This demonstrates that elevated BM content reduces
thermal decomposition product release and improves ther-
mal stability.[*>] Based on comprehensive thermal shrinkage,
combustion behavior, and thermal analysis results, the 12
wt% PAN matrix with 35 wt% BM doping achieves synergistic
optimization of low shrinkage, slow combustion, and high
thermal residue, providing exceptional safety assurance for
lithium-ion batteries.

Mechanical Properties

During the assembly, storage, and transportation of lithium-ion
batteries (LIBs), separators inevitably undergo deformation from
external forces and must withstand repeated electrode volume
fluctuations (e.g., graphite negative electrode) during cycling
without failure. Consequently, flexibility and shape recovery ca-
pability represent important performance indicators.*®! Fig. 7(a)
illustrates the deformation tolerance of various membranes af-
ter successive mechanical manipulations including bending,
twisting, wrinkling, and flattening. Commercial PP membranes
exhibit severe residual wrinkles after flattening. Pure PAN-12
membranes demonstrate improved shape recovery, though
slight creases remain visible after wrinkling. In contrast, PAN-BM
composite membranes (PAN-BM-20, PAN-BM-35, PAN-BM-50)

display superior deformation tolerance: following 180° bending
and severe wrinkling, all PAN-BM membranes fully recover to
their initial flat configuration without significant deformation or
structural damage. To quantify mechanical properties, tensile
stress—strain tests were performed. As shown in Fig. 7(b), both
pure PAN and PAN/BM composite membranes exhibit a mono-
tonic decline in mechanical performance with compositional
change. The pure PAN-12 membrane delivers the best overall
properties, with a tensile strength of 8.31 MPa and an elonga-
tion at break of 44.2%. When the PAN concentration rises to
14% and 16%, the elevated viscosity of the spinning solution
causes excessive jet stretching, reduced fiber diameter and frac-
ture defects; strength consequently falls to 7.39 MPa and 6.35
MPa, and elongation at break drops to 35.7% and 26.8%, re-
spectively.

Upon introducing 2 wt%—6 wt% BM into the 12% PAN ma-
trix, the composites show a similar trend. PAN-BM-20
achieves an elongation of 39.6% and a strength of 7.19 MPa,
PAN-BM-35 reaches 7.90 MPa and 32.2% and PAN-BM-50
records 6.87 MPa and 27.6%. Although these values are
slightly below those of pure PAN-12, the PAN-BM-35 mem-
brane retains about 95% of the pure membrane's strength
while exhibiting markedly reduced fiber diameter and in-
creased specific surface area. This indicates that moderate BM
loading (£4%) can refine fiber morphology without severely
compromising mechanical integrity.
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At 50 wt% BM, however, fiber refinement becomes exces-
sive: the diameter falls below a critical threshold, the cross-
sectional area of individual fibers shrinks significantly and
their load-bearing capacity drops. Over-stretching during
electrospinning also induces partial fiber fracture, creating
structural defects. Consequently, PAN-BM-50 fails not be-
cause of BM itself but because the overly refined fiber net-
work ruptures fiber-by-fiber under low load. These results
demonstrate that BM content must be controlled within a
moderate range (£4%) to balance fiber fineness against me-
chanical robustness.

Cycle and Rate Performance

Fig. 8 demonstrates that rate capability and cycling perfor-
mance directly reflect separator adaptability under practical op-
erating conditions.*”) Fig. 8(a) reveals that the PAN-BM-35 sepa-
rator battery delivers the highest discharge capacity across vari-
ous current density (i.e., 0.2 C,0.5C, 1.0C, 2.0 C,and return to 0.2
Q): an initial capacity of 146.1 mAh/g at 0.2 C, maintaining the
capacity of 114.9 mAh/g at the high rate of 2.0 C, with capacity
recovering to near-initial values upon returning to 0.2 C. In con-
trast, the Celgard 2400 and PAN-12 separators exhibit capaci-
ties of merely 95.8 mAh/g and 104.1 mAh/g at 2.0 C, respective-
ly. This indicates that the low interfacial impedance and high ion
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conductivity of PAN-BM-35 effectively mitigate rate polariza-
tion and enhance ion transport efficiency at elevated current
densities. This exceptional performance stems from BM dop-
ing, which optimizes ion transport, interfacial stability, and
thermal properties of the membrane, thereby suppressing
electrolyte decomposition and electrode side reactions—con-
sistent with the findings of Gao et al*® Experimental results
demonstrate that the low interfacial resistance and high ionic
conductivity of PAN-BM-35 effectively mitigate rate polarization
and enhance ion transport efficiency under high current densi-
ties.

Long-term cycling performance is presented in Fig. 8(b). Af-
ter 100 cycles at a rate of 0.5 C, the Celgard PP separator de-
cay from 131.2 mAh/g to 95.7 mAh/g (72.9% capacity reten-
tion), with fluctuating Coulombic efficiency in later cycles.
The PAN-12 membrane decreases from 136.2 mAh/g to 106.4
mAh/g (78.1% capacity retention). The PAN-BM-35 separator,
however, maintains superior stability, decreasing from 140.6
mAh/g to approximately 124.2 mAh/g (88.3% capacity reten-
tion) with stable Coulomb efficiency exceeding 98%. This ex-
ceptional performance arises from the interfacial stability and
thermal stability optimized through BM doping, which effec-
tively suppresses electrolyte decomposition and electrode
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Table 2 Comparison of key performance parameters between the PAN-BM-35 membrane prepared in this work and representative BM-modified

membranes reported in the literature.

Dimensionally

Cycling

- . Tensile lonic Battery
) Processing Porosity  Electrolyte stable - performance
Material strength  conductivity : (cathode/ Ref.
method (%) uptake (%) temperature (capacity
e (MPa) (mS/cm) retention) anode)
PAN@PVDF- Coaxial 93.3% after200 . -
HFP/BM (PPHB) electrospinning 85.2 8728 160 580 3.98 cyclesat0.2C LiFePO4/Li (201
Coaxial
SDS-Boehmite/ electrospinning + 97.4% after 120 | . :
PVDF/PEI dip-coating with about 46 113.6 300 4.27 about 1.0 cycles at 0.5 C LiFePOA4/Li [36]
SDS
Roller coating 96.3% after 100 . :
AIOOH-coated PE (double-faced) / / 180 92.70 6.56 cyclesat 1.0 C LisT5O,,/Li [39]
about 100% after
BM,,o/PAN Electrospinning 77.0 660.0 200 8.00 4.46 120 cycles at LiFePO4/Li [48]
1.0C
- 88.3% after 100 : : This
PAN/BM Electrospinning 80.7 692.5 200 7.90 3.31 cycles at 0.5 C LiFePO,/Li work

side reactions, thereby reducing capacity decay.l*”! Based on
the comprehensive electrochemical and thermal characteri-
zation results, the 12 wt% PAN matrix with 35 wt% BM dop-
ing achieves outstanding rate capability and cycling stability
through the synergistic effects of high ion conductivity, low
interfacial impedance, and excellent thermal stability, provid-
ing reliable assurance for the practical lithium-ion batteries
applications.

Table 2 compares the key performance parameters of the
PAN-BM-35 membrane prepared in this work with represen-
tative boehmite-modified separators reported in recent litera-
ture. The PAN/BM composite membrane demonstrates com-
petitive advantages across multiple metrics. Its porosity
(80.7%) and electrolyte uptake (692.5%) substantially exceed
those of AIOOH/PE membranes fabricated by conventional
coating processes and surpass several coaxial electrospin-
ning systems. Thermally, the membrane retains structural in-
tegrity at 200 °C, matching the BM,,o/PAN system and out-
performing PPHB (160 °C). The ionic conductivity of 3.31
mS/cm ranks above average among comparable materials,
while cycling stability (88.3% capacity retention after 100 cy-
cles) is also competitive. Notably, the tensile strength of 7.9
MPa exceeds that of SDS-boehmite/PVDF/PEI (4.27 MPa) and
PPHB (5.8 MPa) coaxial systems, and approaches the
BM,,0/PAN value (8.0 MPa). In summary, the PAN-BM-4 mem-
brane achieves a balanced combination of pore architecture,
electrolyte affinity and thermal stability, indicating its poten-
tial as a high-safety separator for lithium-ion batteries.

CONCLUSIONS

Polyacrylonitrile (PAN)-based composite separators were fabri-
cated by electrospinning, and the effects of PAN concentration
and boehmite (BM) doping on separator microstructure and
performance were systematically investigated in this study. The
results indicate that 12 wt% PAN is the optimal matrix concen-
tration, yielding smooth, bead-free fibers that form a continu-
ous, uniform three-dimensional porous network without inter-
fiber adhesion. Among the BM-doped composites, PAN-BM-35
delivers the best overall performance. In terms of interface per-
formance, the electrolyte uptake of 692.5%, porosity of 80.7%
and a contact angle of 25.5° ensure rapid, complete electrolyte

infiltration. In terms of mechanical properties, the PAN-BM-35
membrane exhibits a tensile strength of 7.9 MPa, comparable to
that of the pure PAN-12 membrane (8.31 MPa), while its elonga-
tion at break is 27%, lower than the 44.2% of the pure PAN-12
membrane. Although ductility is reduced, the PAN-BM-35 mem-
brane retains sufficient mechanical integrity to meet the basic
requirements for lithium-ion battery assembly. In terms of elec-
trochemical properties, the ionic conductivity of 3.31 mS/cm, in-
terfacial impedance as low as 87 Q, electrochemical stability
window exceeding 5.5 V (versus Li*/Li), and a lithium-ion trans-
ference number (t;*) of 0.42, which was substantially higher
than that of commercial PP (0.28) and pure PAN-12 (0.34), con-
firming that BM introduction enhances selective Li* transport.
The assembled half-cell delivers a discharge capacity of 114.9
mAh/g at 2.0 C, with only 11.7% capacity fade after 100 cycles at
0.5 C and a stable coulombic efficiency above 98%. In terms of
thermal safety performance, the separator exhibits negligible
shrinkage at 200 °C and a residual mass of 57.6% at 800 °C, and
the longest combustion-delay time among all tested samples,
significantly outperforming commercial PP separators. Those
outstanding performances gain arise from a possible synergis-
tic mechanism, and that is BM surface hydroxyl groups (—OH)
hydrogen-bond with PFs~ anions, suppressing anion migration
and promoting selective Li* transport. This chemical selectivity,
combined with the high porosity and electrolyte affinity of the
three-dimensional nanofiber network, achieves concurrent op-
timization of high ionic conductivity, low interfacial impedance,
superior thermal stability and long cycle life. These findings pro-
vide a feasible materials strategy and theoretical foundation for
the development of next-generation high-performance, high-
safety lithium-ion battery separators.
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