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A cross-linked fibrous composite separator was prepared by thermal cross-linking between reactive silica
nanoparticles and tri(ethylene glycol) diacrylate on a fibrous polyacrylonitrile (PAN) membrane. The cross-
linked fibrous composite separator exhibited a three-dimensional and fully interconnected network structure in
which the silica particles were firmly attached onto the PAN nanofibers through the chemical cross-linking. The
separator showed good electrolyte wettability and excellent thermal stability at elevated temperatures. A
lithium-ion cell composed of a graphite negative electrode, the cross-linked fibrous composite separator soaked

with liquid electrolyte and a LiNij Cog ¢Mng 20> positive electrode exhibited cycling performance and thermal
safety superior to those of a cell prepared with a conventional polypropylene separator.

1. Introduction

High energy density lithium-ion batteries are rapidly becoming the
preferred choice for powering portable electronic devices, electric
vehicles and energy storage systems [1-4]. In these batteries, the
separator is an essential component that prevents electronic contact
between the positive and negative electrodes while allowing ionic
transport through its porous structure. Microporous polyolefin separa-
tors such as polyethylene (PE) and polypropylene (PP) have been
widely used in commercialized lithium-ion batteries because of their
high mechanical strength and good chemical stability [5—-7]. However,
they have some drawbacks. Their low porosity and poor wettability by
liquid electrolyte lead to increases in cell resistance, which restrict the
high rate performance of lithium-ion batteries [8,9]. In addition, these
polyolefin separators suffer from significant thermal shrinkage at
elevated temperatures [10,11], which has raised serious safety con-
cerns over their ability to prevent internal short circuits occurring at
high temperatures. Therefore, it is desirable to develop new separators
with good wettability and improved thermal stability to enable high
performance lithium-ion batteries with enhanced safety. Fibrous poly-
mer membranes have been investigated as good separator for lithium-
ion batteries because of their higher porosity and good wettability by
electrolyte solution, which would improve the cycling performance of
lithium-ion batteries [12—18]. Among the various polymers that can be
used to prepare fibrous membranes, polyacrylonitrile (PAN) is one of
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the most commonly studied polymer materials due to its superior
properties, which include high ionic conductivity, good thermal
stability and high electrolyte uptake [19-22]. It is also well known
that introducing ceramic particles into a polymer separator can
improve its thermal stability and wettability, leading to improved
cycling performance and enhanced safety of lithium-ion batteries
[23—-26]. In our previous studies, we synthesized reactive SiO» particles
with vinyl groups, which permitted surface reaction with vinyl mono-
mers by free radical polymerization [27-32]. Vinyl-functionalized SiO»
particles could be dispersed on the surface of fibrous PAN membrane,
and a cross-linked composite gel polymer electrolyte was obtained by in
situ cross-linking reaction using the electrolyte solution containing
cross-linking agent in the lithium-ion cell after cell assembly [32].
Although adding SiO» particles was effective in improving the mechan-
ical, thermal and electrical properties of the resulting composite gel
polymer electrolyte, some of the SiO» particles may be detached from
the fibrous PAN membrane during handling prior to cell assembly,
since they were directly dispersed onto the PAN membrane without any
binders. Thus, we tried to prepare the cross-linked fibrous composite
separator using vinyl-functionalized SiO, particles, because the chemi-
cal cross-linking can firmly attach SiO, particles onto the fibrous
polymer membrane before cell fabrication.

In the present study, vinyl-functionalized silica particles and
tri(ethylene glycol) diacrylate (TEGDA) were coated onto the fibrous
PAN membrane. A cross-linked fibrous composite separator was then
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Fig. 1. Schematic illustration of the preparation of the cross-linked fibrous composite separator using a fibrous PAN membrane, vinyl SiO, particles and TEGDA.

prepared by inducing thermal cross-linking between reactive silica
particles and TEGDA at 80 °C. It showed excellent thermal stability and
high ionic conductivity when soaked with liquid electrolyte. The cross-
linked fibrous composite separator was applied to fabricate the cell
composed of a graphite negative electrode and a LiNij ¢Cog¢Mng 202
positive electrode. The cycling performance of the lithium-ion cell was
evaluated and compared to those of cells employing a conventional PP
separator or a fibrous PAN membrane.

2. Experimental
2.1. Synthesis of SiO- particles with vinyl groups

Vinyl-functionalized SiO» particles were synthesized by sol-gel
reaction of vinyltrimethoxysilane (VTMS, Evonik) in aqueous solution,
as previously reported [27-32]. An appropriate amount of VTMS was
added to double-distilled water under stirring until the VTMS droplets
completely disappeared. A catalytic amount of NH,OH in water (28 wt
%, Junsei) was added to the solution, and the sol-gel reaction was
allowed to proceed for 4h at 70 °C. The resulting precipitate was
centrifuged, washed several times with ethanol, and vacuum dried at
110 °C for 12 h, yielding vinyl-functionalized SiO, particle as a white
powder.

2.2. Preparation of cross-linked fibrous composite separator

The fibrous PAN membrane was prepared by an electrospinning
method [20]. A polymer solution was prepared by dissolving PAN
(Mw=150,000, Sigma-Aldrich) in anhydrous N,N-dimethylformamide
(DMF, Sigma-Aldrich) at a concentration of 10 wt%. For electrospin-
ning, this solution was fed through a capillary tip by using a plastic
syringe. The high voltage of 15 kV was applied to the needle, and the
flow rate of the spinning solution was held at 0.8 ml h™!. The distance
between the tip and the rotating drum collector was 16 cm, and the
metal drum was rotated at 150 rpm. Electrospun fibrous PAN mem-
brane was collected on aluminum foil wrapped on the drum, and were
dried overnight in a vacuum oven at 110 °C. The resulting fibrous PAN
membrane was about 32 pm thick. The solution used to coat the fibrous
PAN membrane was prepared by dispersing 5 wt% of as-prepared SiO,
particles in isopropyl alcohol. TEGDA (Sigma-Aldrich) was added into
the solution at a concentration of 10 wt% with azobisisobutyronitrile
(Sigma-Aldrich, 1 wt% of TEGDA) as a thermal initiator. The as-
prepared fibrous PAN membrane was immersed in this solution for
15 min, and then removed and thermally cured at 80 °C for 3 h to
obtain a cross-linked fibrous composite separator, as schematically
demonstrated in Fig. 1. After thermal curing, the separator was further
dried in a vacuum oven at 110 °C for 24 h. The thickness of cross-
linked fibrous composite separator was measured to be 35 um. For
comparison, the SiO,-coated PE separator was also prepared by coating
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SiO, particles and poly(vinylidene fluoride-co-hexafluoropropylene)
(P(VdF-co-HFP)) onto both sides of a microporous PE separator (ND
420, Asahi-Kasei Co., 20 um). Details for preparation of the SiO»-
coated PE separator were described in our previous report [33].

2.3. Electrode preparation and cell assembly

The positive electrode was prepared by coating an N-methyl
pyrrolidine (NMP)-based slurry containing LiNig ¢Cog ¢Mng 2O-, poly(-
vinylidene fluoride) (PVdF), and super-P carbon (85:7.5:7.5 by weight)
onto aluminum foil. Its active mass loading corresponded to a capacity
of about 2.0 mAh cm™2. The negative electrode was prepared similarly
by coating an NMP-based slurry of mesocarbon microbeads (MCMB),
PVdF, and super-P carbon (88:8:4 by weight) onto copper foil. A liquid
electrolyte of consisting of 1.15 M LiPFg in ethylene carbonate (EC)/
ethylmethyl carbonate (EMC)/diethyl carbonate (DEC) (3:5:2 by
volume, battery grade) containing 5.0 wt% fluoroethylene carbonate
(FEC) was kindly supplied by PANAX ETEC Co. Ltd. and was used as
received. A CR2032-type coin cell was assembled by sandwiching a
cross-linked fibrous composite separator between the graphite negative
electrode and the LiNij ¢Cog¢Mng >0, positive electrode and injecting
the cell with liquid electrolyte. For comparison, the cells with conven-
tional PP separator (Celgard 2400) and fibrous PAN membrane were
also assembled by employing the same liquid electrolyte. All cells were
assembled in an argon-filled glove box in which the moisture and
oxygen content was less than 1 ppm.

2.4. Characterization and measurements

The morphologies of reactive SiO, particles, fibrous PAN mem-
brane and cross-linked composite separator were examined by field
emission scanning electron microscopy (FE-SEM, JEOL JSM-6330F).
Fourier transform infrared (FT-IR) spectra were recorded on a JASCO
760 IR spectrometer. Thermal shrinkage of the separators was
measured in terms of dimensional change after they were stored in
an oven at elevated temperatures for 30 min. The mechanical proper-
ties of the separators were measured using a universal test machine
(Instron 5966) in accordance with the ASTM D882 method. Porosities
of the separators were measured by using mercury intrusion porosi-
metry (Auto Pore IV 9520, Shimadzu). To measure the ionic con-
ductivity using each separator, a separator soaked with liquid electro-
lyte was sandwiched between two stainless steel electrodes. The cell
was enclosed in an aluminum plastic pouch and sealed to permit
testing outside of a glove box. AC impedance measurements were
performed using a Zahner Electrik IM6 impedance analyzer, over the
frequency range of 100100-1 MHz with the amplitude of 10 mV at
25°C. To investigate the thermal stability of various separators
integrated into lithium-ion cells, each cell was charged to 4.3 V and
placed in a hot oven at 150 °C, and its open circuit voltage was then
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Fig. 2. FE-SEM images of (a) reactive SiO, particles, (b) electrospun PAN membrane, and (c) cross-linked fibrous composite separator. (d) Cross-sectional SEM image of the cross-

linked fibrous composite separator.

recorded as a function of storage time [34,35]. Charge and discharge
cycling tests of the lithium-ion cells were conducted at a constant
current rate (0.5 C) after two conditioning cycles at a low current rate
(0.1 C) over a voltage range of 2.6—-4.3 V using battery testing equip-
ment (WBCS 3000, Wonatech) at 25 °C. Various current rates were
also applied to evaluate the rate capabilities of the cells.

3. Results and discussion

SEM analyses of vinyl-functionalized SiO» particles, the electrospun
PAN membrane and the cross-linked fibrous composite separator were
performed; the resulting SEM images are shown in Fig. 2. The SiO»
particles were uniformly spherical with an average diameter of about
200 nm (Fig. 2a). The fibers in the electrospun PAN membrane were
randomly arranged with an average fiber diameter of 340 nm, and
included highly porous and fibrous networks in which no beads or
particle aggregations were observed (Fig. 2b). As described above, the
cross-linked fibrous composite separator was prepared by thermal
curing between reactive SiO, particles and TEGDA on the fibrous PAN
membrane. Because the reactive SiO, particles were functionalized
with vinyl groups, the SiO, particles on the fibrous PAN membrane
were able to participate in radical polymerization with TEGDA at 80 °C.
As depicted in Fig. 2¢, the SiO, particles were firmly attached onto the
PAN nanofibers through the chemical cross-linking, and as a result, the
diameter of the PAN/SiO, composite fibers was increased from 340 to
765 nm. The porosity of the cross-linked composite separator was
measured to be 49.3%, which was lower than that (78.9%) of the
electrospun PAN membrane. This result indicates that the increased
fiber diameter brought about by cross-linking using reactive SiO»
particles led to decreased porosity, since pore size between fibers is
reduced as the fiber diameter increases. Tensile strength of cross-
linked fibrous composite separator was measured to be 7.7 MPa, which
was higher than that (4.5 MPa) of fibrous PAN membrane. This result
suggests that the vinyl-functionalized SiO, particles with high mechan-

ical strength participate in the chemical cross-linking reaction with
TEGDA, thereby resulting in increase of mechanical properties. The
cross-sectional morphology of cross-linked fibrous composite separator
is shown in Fig. 2d. The thickness of the separator was measured to be
about 35 pm by the cross-sectional image. The figure showed that the
interconnected open pore structure was well remained after cross-
linking between SiO, particles and TEGDA. In order to investigate the
attachment of SiO, particles to the PAN membrane, both the cross-
linked fibrous composite separator and the SiO,-coated PAN mem-
brane were immersed in liquid electrolyte and sonicated for 1 h. After
drying, the mass of separators was measured to estimate the amount of
SiO, detached from the PAN membrane. As a result, there was no
change in mass of cross-linked composite separator. In contrast, 3.2%
weight loss occurred in the SiO,-coated PAN membrane. These results
suggest that the SiO, particles were firmly attached onto the fibers in
the cross-linked fibrous composite separator by chemical cross-linking
reaction.

Fig. 3 presents the FT-IR spectra of fibrous PAN membrane, vinyl-
functionalized SiO» particles and cross-linked fibrous composite se-
parator. In the spectrum of the fibrous PAN membrane (Fig. 3a),
characteristic peaks of —CN stretching vibration and C—H bending
vibration were observed at 2243 and 1454 cm ™}, respectively [36]. For
the SiO, particles (Fig. 3b), characteristic peaks corresponding to C=C
double bonds were observed at 1410 and 1602 cm™! [37], indicating
the presence of the vinyl groups that permitted free radical reaction
with TEGDA. The peak arising from asymmetric stretching vibrations
of Si—0-Si was also observed around 1100 ecm™'. In the spectrum for
the cross-linked fibrous composite separator (Fig. 3c), peaks corre-
sponding to C=C double bonds could hardly be observed, indicating
that the vinyl groups on the SiO, particles reacted with TEGDA to form
the cross-linked composite polymer layer on the fibrous PAN mem-
brane, as shown in Fig. 2c.

In order to maintain low cell resistance, the separator should be
easily wetted by liquid electrolyte and should be able to absorb a large
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Fig. 3. FT-IR spectra of (a) electrospun PAN membrane, (b) vinyl-functionalized SiO,
particles, and (c) cross-linked fibrous composite separator.

amount of liquid electrolyte. The wetting behavior of different separa-
tors was investigated by dropping one droplet of electrolyte solution
onto each separator. As shown in Fig. 4, the PP separator was not
completely wetted by the liquid electrolyte owing to its hydrophobicity
and poor ability to hold organic solvents; contrastingly, both the
fibrous PAN membrane and the cross-linked fibrous composite
separator were immediately wetted by the liquid electrolyte. The rapid

€))
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absorption and spreading of electrolyte solution on their surfaces can
be attributed to the highly porous and interconnected three-dimen-
sional fibrous network structure of the polar PAN membrane, which
enabled uptake of a large amount of electrolyte solution into the porous
separator. Moreover, the composite polymer layer composed of SiO»
particles and TEGDA in the cross-linked fibrous composite separator
had high affinity for the liquid electrolyte, enhancing the affinity of the
separator toward liquid electrolyte. Such an enhanced wettability in the
cross-linked fibrous composite separator is expected to improve the
ability to retain electrolyte solution and facilitate ion transport between
electrodes during cell operation. For the SiO,-coated PE separator, the
electrolyte wettability was improved as compared to PP separator
(Fig. 4d). This result is due to the fact that the coating layer composed
of SiO, particles and P(VdF-co-HFP) has a high affinity for the
electrolyte solution. The ionic conductivities of the PP separator,
fibrous PAN membrane, cross-linked fibrous composite separator and
SiO,-coated PE separator after soaking with liquid electrolyte were
measured to be 4.6x107*, 1.4x1073, 2.1x107% and 7.6x10™* S cm™},
respectively.

Although the SiO»-coated PE separator showed higher ionic con-
ductivity than PP separator, it could not reach the ionic conductivity
values of PAN-based separators (fibrous PAN membrane, cross-linked
fibrous composite separator). The increased ionic conductivity of the
PAN-based separators could be explained by their higher electrolyte
uptake. It should be noted that the cross-linked fibrous composite
separator soaked with liquid electrolyte exhibited slightly higher ionic
conductivity than the PAN membrane soaked with same electrolyte. In
the cross-linked fibrous composite separator, the liquid electrolyte can

)

Fig. 4. Photographs of different separators after dropping of liquid electrolyte onto their surfaces: (a) PP separator, (b) fibrous PAN membrane, (c) cross-linked fibrous composite
separator and (d) SiO,-coated PE separator.
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Fig. 5. Time dependence of the ionic conductivity of the different separators soaked with
liquid electrolyte at room temperature.

not only be trapped in inner pores of the PAN membrane but also be
retained in the hydrophilic coating layer formed by SiO» inorganic
particles and TEGDA networks, which resulted in higher ionic con-
ductivity of the cross-linked fibrous composite separator. These results
demonstrate that the use of the cross-linked fibrous composite
separator is highly effective in enhancing electrolyte wettability and
reducing ionic resistance.

Fig. 5 shows time dependence of the ionic conductivity for the
different separators soaked with liquid electrolyte. As discussed earlier,
the PAN-based separators exhibited higher ionic conductivities over
time periods measured. It is noticeable that ion conduction behavior
with time was different for each separator, which can be ascribed to the
difference in the retainability of liquid electrolyte in the separator. A
gradual and large decrease in the ionic conductivity of the PP separator
may be related to the solvent exudation upon storage due to the poor
compatibility with the electrolyte solution. An almost constant value of
ionic conductivity for the cross-linked fibrous composite separator for a
long period of time suggests that the electrolyte solution is well
retained in the porous separator, which gives no solvent exudation
from the separator. Both the fibrous PAN membrane and the SiO»-
coated PE separator showed a slight decrease in ionic conductivity with
time, which means that a small amount of liquid electrolyte may be
exuded from the separator.

Conventional polyolefin separators usually shrink at elevated
temperature, which leads to serious safety concerns. To evaluate the
dimensional stability of various separators at high temperature, their
thermal shrinkage behavior was examined after storing them for
30 min at 120, 130, 150, and 200 °C. As shown in Fig. 6a, the PP
separator suffered from a high degree of shrinkage during the high-
temperature exposure. The large shrinkage of the PP separator
originated from the internal stress formed during the stretching and
cooling stage of its manufacturing process. The thermal shrinkage was
reduced by coating both sides of the PE separator with SiO, particles
and polymer binder. It is considered that the ceramic coating onto both
sides of the PE separator can prevent dimensional changes by thermal
deformation because of the frame structure of the heat-resistant
ceramic powder with polymer binder. On the other hand, both the
PAN membrane and the cross-linked fibrous composite separator
maintained their dimensional stability under the same thermal condi-
tions, including exposure at 200 °C. This result is attributed to the
higher thermal stability of PAN membrane compared to polyolefin
separator and the incorporation of thermally resistant SiO, particles
into the cross-linked fibrous composite separator. As a result, the cross-
linked fibrous composite separator could effectively suppress thermal
shrinkage, which would help to prevent internal short-circuiting at
elevated temperature. To investigate the thermal safety of the cells at
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Fig. 6. Thermal stability measurements of the three different separators: (a) thermal
shrinkage of different separators after high temperature exposure for 30 min, and (b)
voltage variation in lithium-ion cells charged to 4.3 V as a function of storage time at
150 °C.

high temperature, the cells were charged to 4.3 V at 25 °C and the cell
voltage was monitored over 72 h of storage time at 150 °C. The cell
with the PP separator exhibited a large voltage drop within 3 h
(Fig. 6b). This result can be ascribed to internal short-circuiting in
the cell due to the dimensional change of the PP separator at 150 °C.

Although the voltage behavior of the cell with the fibrous PAN
membrane was improved, it showed a gradual decrease in voltage.
When the fibrous PAN membrane was soaked with electrolyte in the
cell, the fine PAN fibers may become thicker by swelling and bond each
other, giving rise to dimensional change of the PAN membrane in the
electrolyte under high temperature environment, as previously re-
ported [34]. It results in internal micro-short circuit and gradual
decrease in voltage of the cell. Contrastingly, the cell with the cross-
linked fibrous composite separator showed no voltage drop during the
exposure to high temperature. These results indicate that the cross-
linked fibrous composite separator containing heat-resistant SiO,
particles can effectively suppress short-circuiting arising from the poor
thermal stability of the fibrous PAN membrane in the liquid electrolyte.

The cycling performance of the lithium-ion cells assembled with
different separators was evaluated. Before this testing, each cell was
subjected to preconditioning cycles in the voltage range of 2.6—4.3 V at
the rate of 0.1 C to induce the formation of a stable solid electrolyte
interphase (SEI) layer on the electrode. The cells were then charged at
0.5C up to the cut-off voltage of 4.3V, and then charged at the
constant voltage of 4.3 V with declining current until a final current
equal to 10% of the initial charging current was obtained. The cells
were then discharged to a cut-off voltage of 2.6 V at a constant current
rate of 0.5 C. Fig. 7a shows the charge and discharge curves of the
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Fig. 7. (a) Charge and discharge curves of the lithium-ion cell assembled with cross-
linked fibrous composite separator, and (b) discharge capacities of lithium-ion cells
employing different separators (0.5 C CC and CV charge, 0.5 C CC discharge, cut-off
voltage: 2.6—-4.3 V, temperature: 25 °C).

lithium-ion cell employing the cross-linked fibrous composite separa-
tor.

This cell initially delivered a discharge capacity of 172.5 mAh g™*
based on the active LiNijCo9oMng»0-, material in the positive
electrode. It showed stable charge and discharge curves, with a
discharge capacity of 162.1 mAh g™* after 200 cycles, corresponding
to 94.0% of the initial discharge capacity. Fig. 7b shows the discharge
capacities of lithium-ion cells assembled with different separators as a
function of cycle number. As shown in figure, the cell with the cross-
linked fibrous composite separator exhibited the best capacity reten-
tion among the cells with separators investigated in this study. The
ability to retain electrolyte solution in the separator was enhanced by
employing the cross-linked composite separator as previously dis-
cussed, which helped prevent exudation of the electrolyte solution. It
resulted in facilitating the migration of lithium ions at the electrode-
electrolyte interface and suppressing the increase in charge transfer
resistance during the repeated cycling. Furthermore, trace amounts of
acidic impurities and moisture in the electrolyte could be captured by
SiO, particles in the cross-linked fibrous composite separator [25,38],
which suppressed deleterious reactions between electrolyte solution
and electrodes, resulting in more stable cycling behavior than the cell
with fibrous PAN membrane.

To investigate the variations of cell impedance during cycling, the
cells were subjected to AC impedance measurements before and after
200 cycles; the AC impedance spectra thus acquired are shown in
Fig. 8. Each spectrum consisted of two overlapping semicircles due to
the different interfacial resistance contributions: the first, in the higher
frequency range, was attributed to Li* ion migration through the
surface film on the electrodes (Ry), and the second semicircle in the

134

Journal of Membrane Science 527 (2017) 129-136

50
(a) —o— PP separator
404 —o— PAN membrane
—o— Cross-linked composite separator
—
E
o 30
G
N
E 20+
N
1
50
2
ZRe (2 cm”)
140
(b) —o— PP separator
120 - —o— PAN membrane
—o— Cross-linked composite separator
~— 100 -
o~
£
O 80+
<
£ 60
N
' 40 -
L
20 - W
1] 20 40 60 80 100 120 140
2
ZRe (2 cm”)

Fig. 8. AC impedance spectra of lithium-ion cells assembled with different separators,
which were measured (a) after preconditioning cycles (before cycling at 0.5 C rate) and
(b) after 200 cycles at 25 °C.

middle- to low-frequency range arose from charge transfer at the
electrode—electrolyte interface (R.) [39-41]. In these spectra, the
high-frequency intercept at the real axis corresponds to the electrolyte
resistance (R.). Before cycling (after two preconditioning cycles), the
electrolyte resistance and interfacial resistances were the highest in the
cell employing the PP separator (Fig. 8a). These results can be
attributed to high ionic resistance in the cell employing the PP
separator, as well as to poor interfacial contacts between the PP
separator and the electrodes. Contrastingly, the higher porosity and
good wettability of the PAN-based separators would help to retain large
amounts of the electrolyte solution in the cell, facilitating migration of
lithium ions and allowing maintenance of good interfacial contacts with
the electrodes. After 200 cycles (Fig. 8b), interfacial resistances
increased in all cells, related to growth of the resistive surface layer
on the electrode and deterioration of the interfacial contacts at the
electrode. It should be noted that the cell with the cross-linked fibrous
composite separator exhibited not only the lowest cell resistance but
also less resistance increase after 200 cycles. As mentioned earlier, the
cross-linked fibrous composite separator was highly effective in en-
capsulating the electrolyte solution. The presence of SiO, particles in
the cross-linked composite separator can also stabilize the electrolyte
solution by absorbing some impurities such as H>O and HF, as
discussed above, thereby improving the interfacial stability during
cycling. As a result, the cell with the cross-linked fibrous composite
separator exhibited the most stable cycling behavior during repeated
cycling.

The rate performance of the cells assembled with different separa-
tors was evaluated at various current rates. The discharge capacities of
the cells were measured during experiments in which the C rate was
increased gradually every five cycles within the range of 0.2-5.0 C; the
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results are shown in Fig. 9.

In the figure, the relative capacity is defined as the ratio of the
discharge capacity at a specific C rate to the initial discharge capacity
delivered at the 0.2 C rate. The discharge capacities gradually de-
creased due to polarization as the C rate increased. The discharge
capacities of the cell employing the PP separator were the lowest
among the three cells at every C rate investigated. As discussed
previously, the PP separator soaked with liquid electrolyte has lower
ionic conductivity, which limits the effective migration of lithium ions
between the two electrodes, resulting in lower discharge capacities at
high C rates. The high-rate performance was improved in the cell
including the cross-linked fibrous composite separator. This result can
be explained by higher ionic conductivity and lower interfacial resis-
tances after soaking the cross-linked fibrous composite separator with
liquid electrolyte.

4. Conclusions

To develop a high performance separator with enhanced thermal
stability and good cycling performance, a cross-linked fibrous compo-
site separator was prepared by free radical reaction between TEGDA
and reactive silica particles on a fibrous PAN membrane. Compared
with conventional PP separator, the resulting separator exhibited good
wettability by liquid electrolyte, high ionic conductivity and excellent
thermal stability. A lithium-ion cell employing the cross-linked fibrous
composite separator showed superior cycling performance in terms of
discharge capacity, cycling stability and rate capability as compared to
the cell prepared with PP separator. Our results demonstrate that the
cross-linked fibrous composite separator is a promising separator to
improve cycling performance and thermal safety of lithium-ion bat-
teries.
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