
1. Introduction
Currently, lithium-ion batteries (LIB) are widely uti-
lized in various mobile electronic devices, electric
vehicles, energy storage systems, and other fields [1–
3]. As an inseparable and important part of LIB, the
separator has two main functions. One is to separate
the positive and negative electrodes to prevent a short
circuit of the battery. The other is to allow the pas-
sage of Li+ ions and anions but electronic insulation
[4, 5]. The performance of separators significantly

influences the electrochemical performance and
safety of LIB. Currently, polyolefin-based separa-
tors, such as polypropylene (PP) and polyethylene
(PE), have been widely used in commercial LIB due
to low cost, proper electrochemical stability and me-
chanical strength [6]. However, there also exist some
shortcomings of poor electrolyte wettability and
thermal stability [7, 8]. In addition, the poor interface
compatibility between the polyolefin separator and
lithium anode easily leads to the growth of lithium
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dendrites, thereby adversely affecting the safety and
electrochemical performance of LIB [9].
Among various modification methods, organic poly-
mer coating has attracted more attentions to improve
the shortcomings of polyolefin separators. Com-
pared with PP and PE, poly(vinylidene fluoride)
(PVDF) polymer has a higher affinity with elec-
trolytes and higher thermal and electrochemical sta-
bility [10, 11] thereby its coating on polyolefin-based
separator can achieve better electrolyte wettability
and thermal stability. However, directly coating
PVDF on a polyolefin-based separator may block
some pores and affect the ionic conductivity. Elec-
trospinning is a method of preparing nanofiber sep-
arators with high specific surface area and porosity.
The resulting separators can absorb a large amount
of electrolyte and provide effective transport chan-
nels, thus endowing the separator with higher elec-
trolyte uptake and ionic conductivity [12]. However,
the electrospun separator usually has poor mechan-
ical strength. And this defect can be remedied by
electrospinning on the surface of polyolefin-based
separator to prepare an electrospun coating, which
endows the obtained composite separator with the
advantages of both electrospun separator and poly-
olefin-based separator.
However, PVDF still has serious thermal shrinkage
at high temperatures, which prevents its wide appli-
cation in LIB. Recently, some inorganic minerals as
fillers have been added to polymers to increase ther-
mal stability. Natural clay has been commonly used
as inorganic fillers, given its unique characteristics
[13, 14]. Sepiolite is a fibrous hydrated magnesium
silicate clay mineral with a large specific surface
area, excellent adsorption capability, and a large
amount of silanol (–SiOH) group. As an inorganic
filler, it can simultaneously improve the thermal sta-
bility and electrolyte wettability of polymer separa-
tor. Deng et al. [15] used electrospinning technology
to prepare a PU/sepiolite composite separator, which
showed good thermal stability and high ionic con-
ductivity. Guo et al. [16] used electrospinning tech-
nology to prepare a PVDF/sepiolite coating on a PP
surface, and the as-prepared composite separator not
only inherited the advantages of the PP separator but
also improved the electrolyte uptake and thermal
shrinkage of the separator. Zhang et al. [17] used an
organic-inorganic (PVA-PIB) composite binder to
coat sepiolite on both sides of the PE separator,
which improved the porosity, electrolyte absorption,

ionic conductivity and thermal stability of the sepa-
rator. However, due to the high surface energy of se-
piolite fiber, it is difficult to disperse uniformly in
the polymer, which affects the performance of the
separator. Therefore, it is necessary to modify the se-
piolite first to improve its dispersibility and compat-
ibility with the polymer matrix.
Vinyltriethoxysilane (VTES, CH2=CHSi(OC2H5)3)
is a silane coupling agent with ideal properties,
where –Si(OC2H5)3 can be hydrolyzed under certain
conditions to bond with hydroxyl group (–OH) on
inorganic substance to ameliorate the agglomeration
of inorganic substance in organic matrix, and the or-
ganic functional group in VTES molecule is well
compatible with organic matrix. Therefore, in this
work, VTES is adopted to organically modify sepi-
olite fibers to improve their dispersibility and com-
patibility with PVDF polymer matrix. However, the
hydrolysis process of VTES is very slow under neu-
tral conditions, thereby an appropriate amount of
ammonia was added to accelerate the hydrolysis of
VTES. The OH– from ammonia could attack the Si
atom on VTES and cause the ethoxy group
(–OC2H5) to fall off. In this way, VTES is transformed
into silanol and undergoes dehydration condensation
with the hydroxyl group on sepiolite to achieve the
successful graft of VTES onto sepiolite.
Herein, electrospinning technology was adopted to
prepare a PVDF electrospun layer incorporated with
VTES-modified sepiolite as filler on the surface of
the PP separator. On the one hand, the presence of
PVDF can enhance the electrolyte wettability of the
separator. On the other hand, the sepiolite nanofibers
modified by VTES can improve their dispersion and
compatibility in the PVDF polymer matrix. The
Lewis acid on the sepiolite can immobilize PF6

– an-
ions, which can further facilitate the transport of Li+
ions. In addition, the adsorption characteristics of se-
piolite itself can adsorb HF generated in the elec-
trolyte to inhibit the relevant side reactions. The ef-
fect of different amounts of modified sepiolite on the
physical and electrochemical properties of compos-
ite separators was systematically studied.

2. Experimental
2.1. Sample synthesis
2.1.1. Sepiolite treatment
The modification process of sepiolite by VTES (AR,
purity 97%, Macklin, Shanghai, China) is as follows.
Sepiolite powder (CP, Xiangtan Sepiolite Technology
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Co., Hunan, China) was acid-leached to remove im-
purities in advance, labelled as Sep.
0.25 g Sep powder was added to 20 mL absolute
ethanol (AR, purity 99.5%, Macklin, Shanghai,
China) and ultrasonically treated for 15 min to obtain
Sep suspension. 2.5 g VTES was added to 15 mL ab-
solute ethanol and stirred for 30 min, which was then
added dropwise to above Sep suspension. An appro-
priate amount of ammonia (AR, 25 wt% concentra-
tion, Sinopharm, Shanghai, China) was added to ad-
just pH = 10. The mixed suspension was heated to
80 °C and reacted for 2.5 h. The obtained product
was washed with absolute ethanol and filtered three
times. Finally, it was dried at 80°C for 12 h to obtain
the modified sepiolite, named as M-Sep.

2.1.2. Preparation of composite separator
Initially, a certain amount of PVDF (AR, Average
Mw ~1100000, Macklin, Shanghai, China) was dis-
solved in N,N-dimethylformamide (DMF, AR, purity
99%, Macklin, Shanghai, China) to prepare a PVDF/
DMF solution with concentration of 9 wt%, which
was magnetically stirred for 3 h at room temperature
to ensure complete dissolution of PVDF. Then, dif-
ferent amounts of M-Sep (10, 20, 30, 40 wt% based
on PVDF) were added to four PVDF/DMF solu-
tions. The mixture was stirred overnight to obtain a
uniform spinning solution and left to stand for addi-
tional 1 h to remove bubbles from the solution. PP
separator (Celgard 2500, Battery Grade, thickness
25 μm, Celgard Company, North Carolina, USA)
was used as the base and wound on the collector. The
spinning solution was transferred to a syringe and
installed on the electrospinning machine (DP30,
Yunfan Technology, Tianjin, China) for single-sided
electrospinning. The spinning parameters were set
as voltage of 14 kV, feed rate of 0.0012 mm·s–1, and
rotation speed of 150 rpm. Finally, the obtained sep-
arator was dried in a vacuum oven at 80°C for 12 h
to remove residual solvent. The composite separator
was then pressed using a roller machine (MSK-2150,
Shenzhen Kejing, Shenzhen, China) to control the
thickness to ~32 μm. The resulting composite sepa-
rators with M-Sep amounts of 10, 20, 30, 40 wt%
were named as 10MS-PVDF@PP, 20MS-PVDF@PP,
30MS-PVDF@PP, and 40MS-PVDF@PP, respec-
tively. For comparison, a PVDF layer without M-Sep
powder was also electrospun on the surface of PP
separator through the same procedure, and the re-
sulting composite separator was called PVDF@PP.

2.2. Sample characterization
The changes in chemical bonds and functional
groups of sepiolite and electrospun coatings were
characterized using Fourier Transform Infrared
Spectroscopy (FT-IR, V80, Bruker Corporation,
Bruker, Germany) in the range of 4000-400 cm–1

with a resolution of 4 cm–1. The morphologies of se-
piolite and electrospun coatings were observed by
scanning electron microscopy (SEM, Hitachi
S-4800, Hitachi, Ltd., Tokyo, Japan). The crystal
structure of sepiolite was examined by X-ray diffrac-
tometer (XRD, D8 FOCUS, Bruker Corporation,
Bruker, Germany) with Cu Kα radiation (λ =
0.15406 nm) in 2θ range of 6 –80° at a sweep rate of
6°·min–1.
Electrolyte wettability of the separator was tested by
dipping 20 μL liquid electrolyte (Battery Grade,
Huzhou Kunlun Yienke Battery Materials Co. Ltd,
Huzhou, China) on the surface of separator, and a
photograph was taken after 2 s.
The porosity of separator was calculated based on
the weight of the separator before and after soaked
in n-butanol (AR, purity 99%, Fuchen, Tianjin,
China) for 2 h using the Equation (1):

Porosity [%]  (1)

where M0 and M1 are the weight of the separator be-
fore and after soaked in n-butanol, respectively, ρ is
the density of n-butanol, and V is the volume of sep-
arator.
Electrolyte uptake was calculated based on the
weight of the separator before and after soaked in
liquid electrolyte for 2 h using Equation (2):

Electrolyte uptake [%] (2)

where W0 and W1 are the weight of the separator be-
fore and after soaked in liquid electrolyte, respec-
tively.
The thermal stability of PP and composite separators
was studied by placing them in an oven at 140°C for
30 min and then their dimensional change was ob-
served by digital camera.
Ionic conductivity was measured using AC imped-
ance spectroscopy with an amplitude of 10 mV and
a frequency range of 10–2–105 Hz on SS|separa -
tor|SS blocking cells by assembling the separator be-
tween two stainless steel (SS) electrodes, and calcu-
lated according to Equation (3):
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(3)

where σ is the ionic conductivity [S·cm–1], Rb is the
bulk resistance of electrolyte, l and A are the thick-
ness and effective area of separator, respectively.
The electrochemical stability of separator was stud-
ied by linear sweep voltammetry (LSV) using
Li|separator|SS cells in the voltage range of 3–6 V
at a scan rate of 10 mV·s–1 on CHI660E electro-
chemical workstation (Shanghai Chenhua Instru-
ment Co. Ltd, Shanghai, China).
Li+ ions transfer number (tLi+) of the separator was
measured by the combination of chronoamperome-
try and AC impedance spectroscopy on Li||Li sym-
metric cells, and calculated according to Equa-
 tion (4):

(4)

where R0 and RS are the interfacial resistance before
and after polarization obtained from EIS, respective-
ly; I0 and IS are the initial current and the steady-state
current obtained from chronoamperometry after po-
larization, and ΔV is the step potential difference
(10 mV).

2.3. Electrochemical test
LiFePO4 cathode was composed of LiFePO4 active
material (Battery Grade, Shandong Goldencell Elec-
tronics Technology Co., Ltd, Zaozhuang, China),
Super P (Battery Grade, Kolud, Shanghai, China),
and PVDF in a weight ratio of 8:1:1. The electrolyte-
soaked separator was placed between LiFePO4 cath-
ode and lithium anode in an Ar-filled glove box
(Lab2000, Etelux, Beijing, China) to assemble
CR2430 coin cell, with the electrospun layer facing
lithium anode. Rate capability and cycling perform-
ance were evaluated on LAND CT2001A battery
testing system (Wuhan LAND Electronic Co. Ltd,
Wuhan, China). Electrochemical impedance spec-
troscopy (EIS) tests were conducted in a two-elec-
trode system on an electrochemical workstation with
lithium metal as counter and reference electrode.

3. Results and discussion
3.1. Structure and morphology
Figure 1a shows the XRD patterns of Sep and M-Sep
powders. The diffraction peaks of Sep match well
with the standard card (JCPDS#75-1597) of sepiolite.

The major diffraction peaks at 2θ = 7.3°, 11.8°, 20.6°
and 26.5° correspond to (110), (130), (131) and
(400) crystal planes of sepiolite, respectively. Be-
sides, the peak at 2θ =9.451° corresponds to the
main diffraction peak of talc, implying the presence
of tiny amount of talc impurity in Sep sample. After
modification with VTES, the diffraction pattern of
M-Sep remains almost unchanged, suggesting the un-
changed crystalline structure of Sep. Figure 1b shows
the XRD patterns of PP and 20MS-PVDF@PP sep-
arators. The main diffraction peak of sepiolite at
2θ = 7.3° can be observed in the XRD pattern of
20MS-PVDF@PP separator, confirming the suc-
cessful introduction of sepiolite on PP separator. The
relatively lower peak intensity may be ascribed to
the low content and the encapsulation of M-Sep
within PVDF matrix.
Figure 1c shows FT-IR spectra of pristine sepiolite
(Sep) and VTES-modified sepiolite (M-Sep). It can
be seen that in both spectra, the peaks in the range
of 1300–900 cm–1 are attributed to symmetric and
asymmetric vibrations related to Si–O–Si and Si–O
[18], the peaks at 3613 and 3555 cm–1 are attributed
to the stretching vibration of hydroxyl group from
Mg–OH [19], and the peak at 785 cm–1 corresponds
to the bending vibration of Mg–OH [20]. Besides,
the peak at 3387 cm–1 is assigned to zeolite water in
sepiolite [21], and that at 1658 cm–1 corresponds to
the symmetric and asymmetric stretching vibrations
of crystalline water and zeolite water [18, 22]. The
M-Sep sample shows all characteristic peaks related
to sepiolite. Besides, we also observe that compared
to Sep, M-Sep exhibits two stretching vibration
peaks at 2900 and 2980 cm–1 related to the C–H bond
from –CH3 and –CH2– of unhydrolyzed –OC2H5
group of VTES [23, 24], as shown in the magnified
spectra in Figure 1d, indicating the successful graft
of VTES onto sepiolite. VTES modification makes
sepiolite organophilic, thus leading to its better com-
patibility with the PVDF matrix.
Figures 1e shows SEM images of Sep and M-Sep
samples. Both Sep and M-Sep exhibit needle-like
nanofiber structures. For the Sep sample, a large
number of sepiolite nanofibers are staggered and ag-
glomerated together due to the high surface energy
of sepiolite nanofibers. However, the modification
with VTES can reduce the surface energy of sepio-
lite nanofibers, thus leading to the more uniform dis-
persion of sepiolite nanofibers without agglomera-
tion. The well-dispersed sepiolite nanofibers are
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beneficial to the electrolyte uptake of the separator,
thereby improving the physical and electrochemical
properties of the separator.
Figure 2a shows FT-IR spectra of PVDF coatings
without and with modified sepiolite. The absorption
peaks at 3020, 2980 cm–1 (stretching vibration of
C–H), 1400 cm–1 (bending vibration of C–H),
1178 cm–1 (stretching vibration of C–F), and 840 cm–1

(swinging vibration of –CH2–) can be ascribed to
PVDF [25, 26]. The absorption peak of Si–O–Si in

the range of 900–1100 cm–1 and that of Mg–OH in
the range of 3550–3600 cm–1 (in Figure 2b) suggest
the inclusion of sepiolite in PVDF coating. It can be
clearly observed that the intensity of the Si–O–Si-
related absorption peak increases gradually with the
M-Sep addition amount.
Figure 3 shows SEM images of PVDF electrospun
layers without and with different amounts of M-Sep
and corresponding fiber diameter distribution his-
tograms. It is obvious that all electrospun coatings
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Figure 1. XRD patterns of Sep and M-Sep (a), XRD patterns of PP and 20MS-PVDF@PP (b), FT-IR spectra (c) and mag-
nified spectra between 3500 and 2500 cm–1 (d) for Sep and M-Sep, and SEM images for Sep and M-Sep (e).



exhibit a 3D network structure formed by randomly
stacked nanofibers, which guarantees a porous struc-
ture with high porosity, facilitating the migration of
Li+ ions and electrolyte uptake. Compared with pure
PVDF fiber in Figure 3a, the fibers with M-Sep ad-
dition display a relatively rougher surface. As the ad-
dition amount of M-Sep increases, the surface of
fibers becomes rougher gradually. In addition, from
Figure 3c–3e, we can observe the attachment of se-
piolite on the surface of fibers, confirming the pres-
ence of sepiolite in the composite separator. On the
other hand, it can be clearly observed that the fiber
diameter gradually increases with the M-Sep amount,
which is induced by the higher viscosity of the spin-
ning solution after the addition of more M-Sep pow-
ders. In addition, from the histograms in the insets
of Figure 3a–3e, it can be seen that with the amount
of M-Sep increasing from 0 to 20 wt%, the distribu-
tion of fiber diameter becomes gradually uniform.
This is because, with the increase of M-Sep content,
the viscosity of the spinning solution increases grad-
ually. Under the action of electrostatic field, the
fibers can be fully stretched and the filament produc-
tion becomes more stable. Moreover, the addition of
M-Sep powder improves the stiffness of fibers;
thereby, the resulting fibers display a gradually
smaller diameter and more uniform distribution with
M-Sep addition. On the other hand, excessive addi-
tion of M-Sep to 30 and 40 wt% results in reduced
distribution uniformity. More seriously, after the ad-
dition of 40 wt% M-Sep powder, the sepiolite
nanofibers agglomerate seriously, and some large
nodules appear on the surface of the electrospun
fiber, as shown in Figure 3e. This is because exces-
sive M-Sep addition may increase the viscosity of the
spinning solution greatly. During the electrospinning

process, under the action of the electrostatic field,
insufficient stretching of nanofibers easily leads to
the agglomeration of sepiolite and then the formation
of some large nodules, thereby blocking some pores
and reducing the porosity, which adversely affects
the migration of Li+ ions and electrochemical per-
formance of the separator. Figure 3f shows the ele-
ment mapping images of Si, Mg and F for the 20MS-
PVDF@PP separator. From the uniform distribution
of Si and Mg elements, it can be inferred that the se-
piolite nanofibers are uniformly distributed in the
electrospun PVDF layer.

3.2. Physical properties
Electrolyte wettability can reflect the migration of
Li+ ions, which directly affects the electrochemical
performance of the battery. Figure 4a shows the elec-
trolyte wettability test of PP and 20MS-PVDF@PP
separators. After 20 μL electrolyte was dipped on the
separator surface, the electrolyte remained in a
spherical shape on the PP surface, demonstrating its
poor electrolyte wettability due to its inherent hy-
drophobicity and low surface energy [27]. However,
the electrolyte immediately loses dimensional stabil-
ity and is completely absorbed by a 20MS-PVDF@PP
separator, exhibiting its excellent electrolyte wetta-
bility, which is primarily linked to higher porosity
and better electrolyte affinity of 20MS-PVDF elec-
trospun layer and good hydrophilicity of sepiolite
nanofibers. The excellent electrolyte wettability of
20MS-PVDF@PP is expected to enhance the rate
capability and cycling performance of batteries. On
the one hand, good electrolyte wettability of separa-
tor is beneficial to Li+ ions transport by providing
sufficient channels, which can enhance the ionic con-
ductivity of separator and reduce the electrochemical
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Figure 2. FT-IR spectra (a) and magnified spectra between 3700  and 3500 cm–1 (b) for PVDF layers before and after incor-
poration of M-Sep.



polarization during charge/discharge process, thus
improving the rate capability of battery. On the other
hand, good electrolyte wettability is conductive to
the uniform distribution of Li+ ions flux, which can
prevent Li+ ions locally concentrated, thereby sup-
pressing the formation of lithium dendrite on lithium

anode surface, thus improving the cycle stability of
battery.
Porosity is an important parameter for porous sepa-
rators because it greatly influences the electrochem-
ical performance of LIB. Table 1 lists the porosity of
PP and composite separators. Since the PP separator
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Figure 3. SEM images and histograms of fiber diameter distribution of PVDF@PP (a), 10MS-PVDF@PP (b),
20MS-PVDF@PP (c), 30MS-PVDF@PP (d), 40MS-PVDF@PP (e) and element mapping images of
20MS-PVDF@PP (f).



is usually prepared by dry or wet process, its porosity
is generally as low as 40%. Due to the presence of
porous electrospun coating, the porosity of
PVDF@PP and xMS-PVDF@PP composite separa-
tors is enhanced obviously compared with PP. As the
M-Sep amount increases from 0 to 20 wt%, the
porosity of composite separators gradually increases
to a maximum of 62% for the 20MS-PVDF@PP
separator. This is mainly attributed to the porous net-
work structure, which has a more concentrated dis-
tribution of fiber diameter. However, with the further
increase of the M-Sep addition amount, the porosity
of the composite separator decreases contrarily,
which is only 43% for the 40MS-PVDF@PP sepa-
rator. This is because excessive M-Sep results in the
higher viscosity of the spinning solution, which re-
sults in the increased fiber diameter with nonuniform
distribution and even the appearance of some nod-
ules in the electrospun fibers of 40MS-PVDF@PP,
which may block some micropores of PP substrate
to a greater extent, thus leading to lower porosity

than 20MS-PVDF@PP. The phenomenon illustrates
that excessive M-Sep addition leads to poor spinning
properties of spinning solution, affects the uniformi-
ty and structure of electrospun fibers, and then the
porosity of composite separator.
The electrolyte uptake is also an important indicator
of separator, which is closely related to porosity.
From Table 1, it can be seen that the composite sep-
arator has significantly higher electrolyte uptake
than the PP separator (249%), which is 511, 614, 653,
547 and 484% for PVDF@PP, 10MS-PVDF@PP,
20MS-PVDF@PP, 30MS-PVDF@PP and 40MS-
PVDF@PP, respectively. That is to say, its variation
rule with the M-Sep addition amount is in accor-
dance with that of porosity. The enhanced electrolyte
uptake is mainly ascribed to the following reasons.
Firstly, the higher porosity of composite separator is
conductive to electrolyte uptake. Secondly, the hy-
drophilicity and high specific surface area of M-Sep
are also beneficial to electrolyte uptake. Thirdly, the
introduction of M-Sep destroys the orderly arrange-
ment of macromolecular chains and increases the
proportion of amorphous regions in PVDF matrix,
thereby further promoting the electrolyte uptake
[27]. However, excessive M-Sep addition leads to
larger fiber diameter, nonuniform fiber diameter dis-
tribution and lower porosity, thus leading to lower
electrolyte uptake for the 40MS-PVDF@PP separa-
tor. Higher porosity and electrolyte uptake are be-
lieved to be advantageous to the rapid migration of
Li+ ions, thereby enhancing the rate capability and
cycling performance of the battery. On the one hand,
higher porosity and electrolyte uptake can provide
more channels for the migration of Li+ ions, thus ac-
celerating the migration of Li+ ions and then reduc-
ing the electrochemical polarization of the battery,
which ultimately improves the rate performance of
the battery. On the other hand, higher porosity and
electrolyte uptake can make Li+ ions flux more uni-
form and reduce the formation of lithium dendrites,
which is conducive to the cycling performance of the
battery.
High thermal stability is an essential requirement for
separators, which enables them to maintain their di-
mensions even at high temperatures due to short cir-
cuits caused by overcharging [28]. Figure 4b shows
the photos of different separators after being placed
in an oven at 140 °C for 30 min. It can be observed
that the PP separator exhibits serious shrinkage,
while PVDF@PP and xMS-PVDF@PP separators
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Figure 4. Wettability test (a) and thermal stability test (b) for
PP and composite separators.

Table 1. Porosity and electrolyte uptake rate of PP and com-
posite separators.

Separator Porosity
[%]

Electrolyte uptake
[%]

PP 40 249
PVDF@PP 45 511
10MS-PVDF@PP 57 614
20MS-PVDF@PP 62 653
30MS-PVDF@PP 51 547
40MS-PVDF@PP 43 484



basically maintain their initial dimensions, indicating
the PVDF coating with incorporation of M-Sep can
improve the thermal stability of the PP separator.
This can be partly attributed to the higher melting
point of PVDF and sepiolite. On the other hand, the
sepiolite nanofibers can act as a ‘crosslinking agent’
to retard the motion of polymer chains, thus enhanc-
ing the thermal stability of the polymer [29]. It is ac-
cepted that higher temperatures may induce higher
mobility of polymer chains, which leads to easier
shrinkage of the polymer and worse thermal stability.
However, the addition of sepiolite can hinder the mo-
tion of polymer chains and then enhance the temper-
ature at which the polymer shrinks, thereby improv-
ing the thermal stability of the composite separator.
Figure 5a shows the AC impedance spectra of
SS|separator|SS block cells using PP and composite
separators. The bulk resistance (Rb) of separator can
be obtained from the intercept in high-frequency re-
gion, and the ionic conductivity calculated according

to Equation (3) is shown in Figure 5b. Compared to
PP separator with a low ionic conductivity of
0.33 mS·cm–1, the composite separators exhibit high-
er ionic conductivities, which is mainly related to the
porous structure and better electrolyte wettability.
For xMS-PVDF@PP separators, as M-Sep addition
amount increases from 0 to 20 wt%, the ionic con-
ductivity increases from 0.56 to 0.98 mS·cm–1, which
can be attributed to the increment in porosity and
electrolyte wettability by the addition of M-Sep. In
addition, the introduction of M-Sep to the PVDF
polymer matrix increases the amorphous region of
the polymer, which is also conducive to ionic conduc-
tivity [30]. However, as the M-Sep addition amount
further increases, the larger electrospun fiber diam-
eter with nonuniform distribution, along with the ap-
pearance of some large nodules, lead to the decreased
porosity and electrolyte uptake and, ultimately, a
decreased ionic conductivity of 0.50 mS·cm–1 for 
40MS-PVDF@PP separator.

X. Sun et al. – Express Polymer Letters Vol.18, No.6 (2024) 575–591

583

Figure 5. AC impedance spectra (a), ionic conductivity (b) for SS|separator|SS block cells using PP and composite separators,
LSV curves for Li|separator|SS cells using PP and composite separators (c), and galvanostatic plating/stripping
curves for Li|separator|Li symmetric cells using PP and composite separators at current density and capacity of
1 mA·cm–2 and 1 mAh·cm–2, respectively (d).



The electrochemical stability of liquid electrolyte-
soaked separators was evaluated by linear sweep
voltammetry (LSV). With the increase in voltage, the
current increases suddenly at a certain voltage, and
the inflection point of the curve corresponds to the
decomposition voltage of the electrolyte. Figure 5c
shows LSV curves of Li|Separator|SS cells using PP
and composite separators. It can be seen that the
electrolyte decomposition voltage of composite sep-
arators is higher than that of PP separators, indicating
that the composite separator has higher electrochem-
ical stability. This can be ascribed to the excellent
affinity to liquid electrolytes and properly secured
ionic-conducting channels, which are the result of
good swelling ability originating from higher specif-
ic surface area and porous structure [31]. In addition,
the abundant Lewis acid sites on sepiolite surface
can interact with PF6- anions (Lewis base) and then
retard the decomposition of lithium salt anions [32],
thereby further enhancing the electrochemical sta-
bility of composite separators.
Li||Li symmetric cells based on PP and 20MS-
PVDF@PP separators were assembled to evaluate
their performance in the interfacial stability of Li
metal anode. Figure 5d shows the plots of voltage
vs. time at current density and capacity of 1 mA·cm–2

and 1 mAh·cm–2, respectively. It can be seen that the
Li|PP|Li cell displays higher voltage hysteresis than
the Li|20MS-PVDF@PP|Li cell at any time. What’s
more, the voltage hysteresis of Li|PP|Li cell shows
a sudden increment after ~50 h, implying unstable
interfacial behavior on the lithium anode surface. It
has been reported that all Li+ ions passing through
the PP separator tend to aggregate near the pores due
to the ionically insulating skeleton. Thereby, the mi-
gration of Li+ ions may be impeded by the free an-
ions moving in the opposite direction, which further
exacerbates the uneven Li+ ions flux, thus resulting
in the growth of lithium dendrites and, finally, a
short circuit of the cell [33]. In comparison, the
prominent increment of voltage hysteresis happens
after ~180 h in Li|20MS-PVDF@PP|Li cell, sug-
gesting the relatively stable lithium plating/stripping
behavior and the formation of a stable interfacial
layer on the lithium anode surface.
The voltage-time curves of both symmetric cells at
57–61 h are shown in the inset of Figure 5d. It is no-
ticed that Li|20MS-PVDF@PP|Li cell exhibits small-
er overpotential, implying better lithium plating/strip-
ping stability. This can be mainly attributed to the

higher ionic conductivity of the 20MS-PVDF@PP
separator as well as the capture of PF6

– anions by se-
piolite, which facilitates the uniform distribution and
deposition of Li+ ions, thereby reducing the proba-
bility of lithium dendrite growth. The anion capture
capability can be attributed to the Lewis acid-base
interaction between sepiolite and PF6

– [32]. The ex-
tended cycle life and stable plating/stripping poten-
tial demonstrate that our strategy is effective in con-
structing a stable interfacial layer on the lithium
anode surface.
Figure 6 shows chronoamperometric curves and AC
impedance spectra before and polarization for Li||Li
symmetric cells using different separators. The Li+
ion transfer number (tLi+) of different separators can
be calculated according to Equation (4), and the ob-
tained tLi+ values are 0.305, 0.488, 0.663, 0.679,
0.612 and 0.397 for PP, PVDF@PP, 10MS-
PVDF@PP, 20MS-PVDF@PP, 30MS-PVDF@PP
and 40MS-PVDF@PP, respectively. The pore struc-
ture and surface characteristics of the separator are
the main factors affecting Li+ ion transfer number
[34, 35]. The significantly enhanced porosity and
electrolyte wettability are conductive to Li+ ions
transfer of composite separator. In addition, based
on Lewis acid-base interaction, the effectively im-
mobilization of PF6

– anions by sepiolite can further
enhance the Li+ ion transfer number of composite
separator. Among them, 20MS-PVDF@PP separator
exhibits the highest tLi+ value due to the highest
porosity and electrolyte uptake. However, when the
addition amount of M-Sep reaches 40 wt%, the Li+
ion transfer number is reduced again, which is relat-
ed to larger electrospun fiber diameter with nonuni-
form distribution and the agglomeration of sepiolite.
As we know, the electrospun fibers with a larger di-
ameter and nonuniform distribution may block the
micropores of the PP separator to a certain extent,
and the agglomeration of sepiolite may affect the
electrolyte wettability of the separator. Both factors
lead to the decrease in porosity and electrolyte up-
take and then the decrease in Li+ ions transfer num-
ber of separators. 

3.3. Cell performance
Li|LiFePO4 CR2430 coin cells using different sepa-
rators were assembled using PP and xMS-PVDF@PP
as separators to investigate their application in LIB.
Figure 7a shows the rate performance of Li|LiFePO4
batteries using different separators at 0.5C, 1C, 2C,
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5C, and 10C rates. It can be seen that the gap be-
tween specific discharge capacities of different bat-
teries becomes larger with the increase of current
density. Especially, at a high rate of 10C, the specific
discharge capacities of Li|LiFePO4 batteries using
PP, PVDF@PP, 10MS-PVDF@PP, 20MS-
PVDF@PP, 30MS-PVDF@PP and 40MS-
PVDF@PP separators are 101.3, 106.2, 113.6, 115.3,
111.5, 102.5 mAh·g–1, respectively. The better rate
capability of the batteries using composite separators
can be attributed to higher ionic conductivity and Li+

ion transfer number induced by higher porosity and
electrolyte wettability. The poor rate performance of
the battery with PP separator can be ascribed to the
sluggish Li+ ion transfer resulting from low porosity
and inferior electrolyte wettability of PP separator.
Figure 7b shows the cycling performance curves of
Li|LiFePO4 batteries using PP and composite sepa-
rators at 1C and 25°C. It is observed that the specific
discharge capacities of all batteries gradually in-
crease in initial several cycles, which is called elec-
trochemical activation. The capacity retention rates
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Figure 6. Chronoamperometric curves of Li||Li symmetric cells using PP (a), PVDF@PP (b), 10MS-PVDF@PP (c),
20MS-PVDF@PP (d), 30MS-PVDF@PP (e), 40MS-PVDF@PP (f), and the insets are the corresponding AC im-
pedance spectra before and after polarization. 



of the batteries using PP, PVDF@PP, 10MS-
PVDF@PP, 20MS-PVDF@PP, 30MS-PVDF@PP
and 40MS-PVDF@PP separators after 200 cycles
are 79.48, 83.71, 91.56, 97.06, 87.04 and 80.75%,
respectively. The enhanced cycling performance of
the batteries using composite separators can be as-
cribed to the higher porosity and electrolyte wetta-
bility of composite separators, which ensures suffi-
cient participation of Li+ ions in redox reactions
during cycling [36]. In addition, the formation of

lithium dendrites on anode surface has been reported
to have an influence on the cycling stability of bat-
tery [37], because the lithium dendrites growth may
consume more organic electrolyte and lithium salt,
thereby adversely affecting the Coulombic efficiency
and cycling performance of battery. Therefore, the
high ionic conductivity and Li+ ion transfer number
of composite separators contribute to the uniform
distribution of Li+ ions, thus inhibiting the growth of
lithium dendrites on the anode surface [38]. Besides,
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Figure 7. Rate performance curves (a), cycling performance curves (b), charge/discharge curves at 20th and 200th cycles (c),
Nyquist plots after 100 and 200 cycles (d, e), and corresponding equivalent circuit (f) for Li|LiFePO4 cells using
different separators.



the sepiolite nanofibers in an electrospun layer can
effectively fix PF6

– anions based on Lewis acid-base
interaction, which is also advantageous to the uni-
form redistribution of Li+ ions, thus further improv-
ing the cycling performance of LiFePO4 battery.
Figure 7c shows the charge/discharge curves of
Li|LiFePO4 cells using PVDF@PP and 20MS-
PVDF@PP separators at the 20th and 200th cycles.
The difference between the charge and discharge
plateaus represents the electrode polarization (ΔV).
From the figure, we can see that ΔV values at the 20th

and 200th cycles are 0.16, 0.19 V and 0.18, 0.28 V
for Li|LiFePO4 cells using PVDF@PP and 20MS-
PVDF@PP separators, respectively, that is, the
Li|LiFePO4 cell using 20MS-PVDF@PP separator
exhibits lower electrode polarization during cycle
process. This can be mainly attributed to the higher
ionic conductivity and Li+ ion transfer number in-
duced by higher porosity and electrolyte wettability,
as well as the immobilization of PF6- anions by se-
piolite.
In order to better understand the impact of electro-
spun coating on interfacial properties, the AC im-
pedance measurement was carried out on Li|LiFePO4
batteries using different separators after 100 and
200 cycles, as shown in Figures 7d, 7e. All Nyquist
plots are composed of a semicircle and a sloping
line. The semicircle at the high-frequency region
corresponds to charge-transfer resistance at the elec-
trode/electrolyte interface (Rct), and the sloping line
in the low-frequency region corresponds to Warburg
resistance (Zw) related to Li+ ion diffusion in the bulk
of electrode material. The plots were fitted via ZView
software according to the equivalent circuit in 
Figure 7f, and the fitted Rct values are shown in
Table 2. It is noticed that the Rct values of all batter-
ies using different separators increase with cycle
number, whereas the batteries using xMS-PVDF@PP
separators show lower Rct values than those using PP
and PVDF@PP separators after 100 and 200 cycles.

Among them, the battery using 20MS-PVDF@PP 
separator displays the lowest Rct values during cycle 
process, which are 56.57 and 84.86 Ω after 100 and 
200 cycles, respectively. This can be attributed to the 
higher ionic conductivity and Li+ ion transfer num-
ber of composite separator as well as the immobi-
lization of PF6

– anions by sepiolite, which facilitates 
the uniform distribution of Li+ ions and then inhibits 
the growth of lithium dendrites, thereby enhancing 
the interface stability.

3.4. Post-mortem analysis
Figure 8a–8d show SEM images of LiFePO4 cath-
odes disassembled from Li|LiFePO4 batteries using 
different separators after 200 cycles. From Figure 8a 
we can observe the appearance of microcracks 
(marked with a rectangle) on the surface of LiFePO4 

particles from the battery using PVDF@PP separa-
tor, and the generation of microcracks is generally 
induced by HF corrosion. The microcracks can in-
crease the contact area with electrolyte, which can 
exacerbate the side reactions and lead to the contin-
uous consumption of active lithium, thus resulting 
in a decline in electrochemical performance. From 
Figure 8b, 8c, it can be seen that the surface of 
LiFePO4 particles from the batteries using 10MS-
PVDF@PP and 20MS-PVDF@PP separators re-
mains relatively intact without microcracks. This is 
mainly ascribed to the capability of sepiolite nano -
fibers to absorb HF, thus reducing damage to cathode 
material and electrode/electrolyte interface. Howev-
er, when too much M-Sep is added, the agglomera-
tion of sepiolite nanofibers may reduce its capability 
to absorb HF, which leads to the appearance of mi-
crocracks on the surface of LiFePO4 particles from 
the battery using 40MS-PVDF@PP separator, as 
shown in Figure 8d.
Figure 8e–8h shows SEM images of lithium anodes 
disassembled from Li|LiFePO4 batteries using dif-
ferent separators after 200 cycles. From Figure 8e, 
some protruding lithium dendrites are observed on 
the surface of the lithium anode from the battery 
using the PVDF@PP separator, whereas the surface 
of lithium anodes from the batteries using 10MS-
PVDF@PP and 20MS-PVDF@PP separators is rel-
atively smooth, as shown in Figures 8f, 8g. This is 
mainly ascribed to the higher ionic conductivity and 
Li+ ion transfer number of 10MS-PVDF@PP and 
20MS-PVDF@PP separators, as well as the immo-
bilization of PF6

– anions by the embedded sepiolite
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Table 2. Fitted Rct values based on Figures 7d, 7e.

Separator Rct after 100 cycles
[Ω]

Rct after 200 cycles
[Ω]

PP 107.00 143.00
PVDF@PP 93.86 113.30
10MS-PVDF@PP 67.71 90.85
20MS-PVDF@PP 56.57 84.86
30MS-PVDF@PP 74.71 94.35
40MS-PVDF@PP 101.20 123.20
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Figure 8. SEM images of LiFePO4 cathodes from Li|LiFePO4 batteries after 200 cycles using different separators:
PVDF@PP (a), 10MS-PVDF@PP (b), 20MS-PVDF@PP (c), 40MS-PVDF@PP (d), and SEM images of lithium
anodes from Li|LiFePO4 batteries after 200 cycles using different separators: PVDF@PP (e), 10MS-PVDF@PP (f),
20MS-PVDF@PP (g), 40MS-PVDF@PP (h).



nanofibers, which can effectively redistribute Li+

ions flux evenly, thereby minimizing the growth of
lithium dendrite. However, when the additional
amount of M-Sep further increases to 40 wt%, more
lithium dendrites appear on the surface of the lithium
anode from the battery containing 40MS-PVDF@PP,
as shown in Figure 8h, which is mainly attributed to
the agglomeration of sepiolite nanofibers and the in-
homogeneous electrospun fiber morphology. Lithi-
um dendrites will destroy the preformed SEI layer,
and new SEI layers are continuously generated by
consuming more electrolytes during cycling [39] ul-
timately the SEI layer is so thick that it affects the
transport of Li+ ions and deteriorates the electro-
chemical performance of the battery.
Based on the above discussion, it can be concluded
that VTES modification can ameliorate the dis-
persibility of sepiolite nanofibers and their compat-
ibility with the PVDF matrix. The sepiolite-added
PVDF coating via electrospinning technology is ad-
vantageous to the physical and electrochemical prop-
erties of PP separator. Among the composite separa-
tors with different amounts of M-Sep, 20MS-
PVDF@PP separator shows the best physical and
electrochemical properties. The underlying mecha-
nism is illustrated in Figure 9. On the one hand, as
for the PP separator, Li+ ions are mostly huddled in
the pores of the PP separator, and PF6

– anions moving
in the opposite direction can obstruct the transport
of Li+ ions, thus leading to the inhomogeneous dis-
tribution of Li+ ions and the formation of lithium

dendrite. However, the enhanced porosity, wettabil-
ity and electrolyte uptake offered by the electrospun
layer and the anions immobilization by sepiolite can
facilitate the migration of Li+ ions, which is benefi-
cial to the uniform distribution of Li+ ions and then
inhibits the formation of lithium dendrite. On the
other hand, sepiolite nanofibers can scavenge the
harmful HF species, which can prevent its corrosion
on cathode material and electrode/electrolyte inter-
face, thereby improving the cycling performance of
the LiFePO4 battery. In conclusion, the addition of
VTES-modified sepiolite offers a multifunctional
approach to improve the physical and electrochem-
ical performances of the separator.

4. Conclusions
In summary, electrospinning technology was adopt-
ed to prepare a PVDF/sepiolite electrospun coating
on one side of the PP separator, in which the sepiolite
was modified by VTES to improve its dispersibility
and compatibility with the PVDF matrix. The effect
of different addition amounts of M-Sep on the phys-
ical and electrochemical properties of composite
separators was studied. The results show that the ad-
dition of M-Sep increases the thermal stability and
electrolyte wettability of composite separators. The
20MS-PVDF@PP composite separator with M-Sep
addition amount of 20 wt% exhibits the optimal phys-
ical and electrochemical properties, with the highest
porosity (62%), electrolyte uptake (653%), ionic
conductivity (0.98 mS·cm–1) and Li+ ion transfer
number (0.679). In terms of electrochemical perform-
ance, Li|LiFePO4 battery using 20MS-PVDF@PP
separator demonstrates superior rate capability and
cycling stability, with specific discharge capacity of
115.3 mAh·g–1 at 10C rate and capacity retention
rate of 97.06% after 200 cycles at 1C rate. Besides,
the Li|LiFePO4 battery using a 20MS-PVDF@PP
separator exhibits smaller electrode polarization dur-
ing the cycle process. Our study demonstrates that
the sepiolite-added PVDF coating via electrospin-
ning technology is an effective means to improve the
physical and electrochemical properties of poly-
olefin separators.
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Figure 9. Schematic illustration of reinforcement mecha-
nism of xMS-PVDF@PP composite separator.
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