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In an effort to improve thermal shrinkage and electrochemical performance of a separator for a lithium-
ion battery, we develop a new composite separator by introducing ceramic coating layers onto both sides
of a polyethylene (PE) separator. The ceramic coating layers are comprised of SiO, nanoparticles and
polyvinylidene fluoride-hexafluoropropylene (PVdF-HFP) binders. In comparison to the dense structure
of conventional nanocomposite coating layers, the ceramic coating layers are featured with close-packed
Si0, nanoparticles, which affords a well-developed porous structure, i.e. highly connected interstitial
voids formed between the nanoparticles. On the basis of this structural understanding of the composite
separators, the effects of ceramic coating layers on the separator properties are investigated as a function
of SiO, powder size. Owing to the existence of the heat-resistant SiO, coating layers, the composite sepa-
rators show significant reduction in thermal shrinkage than the pristine PE separator. More intriguingly,
in comparison to the large-sized (=530 nm) SiO,, the small-sized (=40 nm) SiO, offers a large number
of SiO, nanoparticles in the ceramic coating layers, high porosity contributing to facile ion transport,
and small increase in the cell impedance, which consequently allows substantial improvements in cell
performances as well as thermal shrinkage of the separator.
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1. Introduction

Rapidly growing demand for high energy-density and high
power-density lithium-ion batteries has motivated researchers to
focus on the accompanying battery safety failures. In particular,
from the viewpoint of suppressing internal short-circuit problems,
a separator in a lithium-ion battery is considered a critical compo-
nent to secure battery safety, as its major function is to physically
isolate the cathode and anode so that no electrons can flow between
them [1-3]. Currently, the most widely used separators in lithium-
ion batteries are made of polyolefins, specifically polyethylene
(PE) and polypropylene (PP). While these polyolefin-based sep-
arators offer many advantages, their poor thermal stability and
mechanical strength raise serious concerns regarding the electrical
isolation between electrodes, the failure of which could eventually
lead to fire or explosion of cells [4,5]. In order to overcome these
drawbacks of polyolefin-based separators, various separators have
been proposed, including self-standing inorganic separators [6,7],
nanocomposite-coated PE separators [4,8,9], nonwoven-ceramic
composite separators [10], and nanofiber-based separators pre-
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pared by electrospinning [5,11,12]. Among these alternatives, the
use of ceramic powders has drawn considerable attention, owing to
their effectiveness in preventing thermal shrinkage and mechanical
breakdown of separators.

Well-controlled nanoparticle arrangement driven by self-
assembly has been extensively investigated, as an ideal starting
template for the preparation of porous materials that can be
used in various applications ranging from sensors to catalysts
[13-15]. In contrast to conventional nanocomposites character-
ized by nanoparticles embedded in a polymer matrix, this approach
pursues the establishment of a highly ordered nanoporous struc-
ture, where nanoparticles are close-packed and interconnected by
organic binders. Exploiting this intriguing concept, in an attempt to
significantly improve the thermal shrinkage and electrochemical
performance of a separator, we develop a new composite separa-
tor, which is based on introduction of ceramic coating layers onto
both sides of a polyethylene (PE) separator. The ceramic coating
layers consist of SiO, nanoparticles and polyvinylidene fluoride-
hexafluoropropylene (PVdF-HFP) binders. Notable features of the
ceramic coating layers are close-packed SiO, nanoparticles, which
affords a well-developed porous structure, i.e. highly connected
interstitial voids formed between the nanoparticles. These ceramic
coating layers are expected to substantially affect the separator
properties. In this study, the effects of the ceramic coating layers
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on the thermal shrinkage of composite separators and the cell per-
formances such as discharge capacity, discharge C-rate capability,
and cyclability are investigated as a function of SiO, powder size
(herein, 40 and 530 nm), and the results are compared with those
obtained with a pristine PE separator.

2. Experimental
2.1. Preparation of the composite separators

The solution for ceramic coating layers was prepared by mix-
ing SiO, (average particle size =40 and 530 nm, Denki Kagaku) and
PVdF-HFP (HFP content =6 mol%, Arkema) in acetone as a solvent,

where a ratio of SiO, /[PVdF-HFP was fixed at 90/10 (wt%/wt%). After
first dissolving PVAF-HFP in acetone, a fixed amount of SiO, pow-
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der was added and the solution was further subjected to vigorous
mixing via bead-milling for 2 h. As a coating substrate, a microp-
orous PE separator (thickness =20 pwm, porosity =45%, Tonen) was
chosen. The coating solution was applied onto both sides of the PE
separators via a dip-coating process. The separators were then dried
at room temperature to evaporate acetone and further vacuum
dried at 50°C for 4 h. The final thickness of the composite separa-
tors was measured to be around 30 wm, which is thicker than that
(20 wm) of the pristine PE separator. This may cause an undesir-
able reduction of volumetric capacity of batteries, however, which
could be compensated by adjusting cell design factors. For instance,
application of thinner packaging materials, thinner current collec-
tors for electrodes, high-capacity electrode active materials, and
thinner pristine PE separators (as a coating substrate) can be rec-
ommended.
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Fig. 1. FE-SEM photographs of surface morphologies for: (a) pristine PE separator, (b) 530 nm SiO,-coated composite separator, and (c) 40 nm SiO,-coated composite

separator.
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Table 1
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Basic characteristics of various separators: porosity, total ionic conductance, thermal shrinkage, and number of SiO; particles per unit area of a ceramic coating layer.

Separator Porosity (SiO; coating layer/ Total ionic Thermal shrinkage Number of SiO,

PE separator) (%/%) conductance (S) at 140°C/0.5h (%) particles (eacm~2)
Composite separator (40 nm SiO,) 68/45 0.61 23 1.53 x 103
Composite separator (530 nm SiO;) 50/45 0.53 67 0.89 x 1010
Pristine PE separator -/45 0.65 92 -

2.2. Characterization of the composite separators

The surface morphology of the ceramic coating layers was
investigated using a field emission scanning electron microscope
(FE-SEM, S-4300, Hitachi) in the central laboratory of Kangwon
National University. The porosity (=(pc — pe)/pc) of the ceramic
coating layers was examined by measuring their density, where p
is the calculated density for a dense coating layer (assumed to be
without pores) and pe is the experimental density for a porous coat-
ing layer [16,17]. The thermal shrinkage of the ceramic composite
separators was determined by measuring the dimensional change
after being subjected to heat treatment at various temperatures for
0.5h [9]. For measurement of the electrochemical performance, a
liquid electrolyte of 1M LiPFg in ethylene carbonate (EC)/diethyl
carbonate (DEC) (1/1, v/v, Technosemi Chem) was employed. The
electrochemical stability window of the separators was evaluated
by alinear sweep voltammetry experiment performed on a working
electrode of stainless-steel and a counter and reference electrode
of lithium-metal at a scan rate of 1.0mVs~!. A unit cell (2032-
type coin) was assembled by sandwiching a separator between a

natural graphite anode and a LiCoO, cathode and then activated
by filling it with the liquid electrolyte. All assembly of cells was
carried out in an argon-filled glove box. The discharge capacities,
discharge C-rate capability, and cyclability of the cells were exam-
ined using battery test equipment (PNE solution). The discharge
current densities were varied from 0.2 (=0.76 mAcm~2) to 1.0C
(=3.79 mA cm~2) at a constant charge current density of 0.2 C under
a voltage range between 3.0 and 4.4V. The cells were cycled at
a constant charge/discharge current density of 0.5 C/0.5C. The AC
impedance spectra of fully charged cells were obtained using a
using a VSP classic (Bio-Logic) over a frequency range of 0.01 to
106 Hz.

3. Results and discussion

The morphologies of the composite separators are compared
with that of the pristine PE separator. In contrast to the pristine
PE separator (Fig. 1(a)), the composite separators (Fig. 1(b) and
(c)) have unique ceramic coating layers comprising close-packed
SiO, nanoparticles interconnected by PVdF-HFP binders. The over-
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Fig. 2. (a) Thermal shrinkage of composite separators and pristine PE separator as a function of heat-treatment temperature and (b) photographs of composite separators

and pristine PE separator before/after being exposed to 140°C for 0.5 h.
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Fig. 3. Linear sweep voltammograms of composite separators and PE separator at
a voltage scan rate of 1.0mVs~1.

all morphology of the ceramic coating layers is similar to the
nanoparticle arrangement driven by self-assembly reported in pre-
vious studies [13-15]. These ceramic coating layers are expected
to prevent the composite separators from being thermally shrunk,
owing to the existence of heat-resistant SiO, powders. Meanwhile,
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in comparison with the dense structure of conventional nanocom-
posite coating layers [8,9], another distinct feature of the ceramic
coating layers is their porous structures, i.e. well-connected inter-
stitial voids formed between the SiO, nanoparticles. These porous
structures will be filled with liquid electrolytes and may provide
a facile pathway for ion movement, contributing to faster ion con-
duction than the dense structures.

Meanwhile, the comparison between Fig. 1(b) and (c) demon-
strates that the porous structure of ceramic coating layers strongly
depends on the SiO, powder size. The pore size of the 40-nm SiO,
coating layers is much smaller than that of the 530-nm SiO, coat-
ing layers. In order to provide a more detailed characterization of
the porous structure, the porosities of the ceramic coating layers
are examined (Table 1). In comparison to the porosity (=45%) of
the pristine PE separator, the porosities of SiO, coating layers are
observed to be 50% for the 530-nm SiO, and 68% for the 40-nm SiO,,
respectively. This makes sure that the close-packed SiO, nanopar-
ticles allow for the development of porous structures in the coating
layers, which is more pronounced for the small-sized particles. The
higher porosity of the 40-nm SiO, coating layers can be explained
by considering the fact that smaller-sized particles tend to yield low
tap density, indicating loose packing of the particles in a determined
volume [17].

This change in the porosity of ceramic coating layers is expected
to strongly affect ion transport behavior of composite separators.
When separators with different thicknesses are incorporated into
cells, cell performances tend to be practically influenced by total
ionic conductance (=S) of separators rather than ion conductivity
(=Scm~1) that is normalized by separator thickness. Table 1 shows
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Fig. 4. Discharge profiles of cells assembled with: (a) pristine PE separator, (b) 40 nm SiO,-coated composite separator, (c) 530 nm SiO,-coated composite separator, and (d)
comparison of discharge capacities and C-rate capabilities, where discharge current densities are varied from 0.2 to 1.0 C at a constant charge current density of 0.2 C under

a voltage range between 3.0 and 4.4 V.
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that the total ionic conductances are observed to be 0.61S for the
40 nm SiO,-coated composite separator and 0.53 S for the 530 nm
SiO,-coated one, while the pristine PE separator exhibits the high-
est total ionic conductance of 0.65 S. The relatively lower total ionic
conductances of the SiO,-coated composite separators may be due
to the existence of ceramic coating layers onto the PE separator
and their greater thickness (~30 wm) relative to the pristine PE
separator (~20 wm), possibly causing long tortuous path for ion
transport. Interestingly, the relatively higher total ionic conduc-
tance of the 40 nm SiO,-coated composite separator than that of
the 530 nm SiO,-coated one is observed, which indicates that the
total ionic conductance of the composite separators depends heav-
ily on the porous structure, more specifically porosity (i.e., 50% for
the 530-nm SiO, and 68% for the 40-nm SiO-, ) of the ceramic coating
layers.

The thermal shrinkage of the composite separators was
observed by measuring their (area-based) dimensional change after
being subjected to heat treatment at various temperatures for 0.5 h
(Fig. 2). Since conventional PE separators have a melting point of
about 135°C and are prepared through multiple stretching pro-
cesses, they easily lose dimensional stability upon exposure to high
temperatures of above 100 °C. Fig. 2(a) shows that over a wide range
of temperatures, the composite separators markedly suppress the
thermal shrinkage compared to the pristine PE separator. This
improvement in the thermal shrinkage of the composite separators
is ascribed to the existence of ceramic coating layers, more specif-
ically the close-packed SiO, nanoparticles. The heat-resistant SiO,
nanoparticles are believed to effectively prevent the composite sep-
arator from being thermally shrunk. Another interesting finding is
that the 40 nm SiO,-coated composite separator exhibits greater
reduction in the thermal shrinkage than the 530 nm SiO,-coated
one. Fig. 2(b) shows photographs of separators before/after expo-
sure to a temperature of 140°C for 0.5 h. The thermal shrinkages
of the separators are observed to be 23% for the 40 nm SiO,-coated
composite separator and 67% for the 530 nm SiO,-coated one, in
comparison to 92% for the pristine PE separator. This noticeable
improvement in the thermal shrinkage of the 40 nm SiO,-coated
composite separator is attributed to the higher number of SiO, par-
ticles in the ceramic coating layers. Under the assumption that SiO,
particles are spherical and have a uniform particle size distribution,
the number of SiO, particles per unit area of a ceramic coating layer
can be calculated by measuring the weight of the ceramic coating
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Fig.5. Cycle performance of cells assembled with various separators, where cells are
cycled at a constant charge/discharge current density (0.5 C/0.5 C) under a voltage
range between 3.0 and 4.4 V.

layer and the density (=2.20 g cc~! for SiO, and 1.76 g cc~! for PVdF-
HFP) of the components. Table 1 shows that the number of SiO,
particles is calculated to be 1.53 x 10!3 eacm~2 for the 40-nm SiO;
coating layer, a value considerably higher than 0.89 x 1010 ea cm—2
for the 530-nm SiO, one. This demonstrates that the number of
SiO, particles in the ceramic coating layers could critically affect
the thermal shrinkage of composite separators.

The electrochemical stability window of the composite separa-
tors was observed from the linear sweep voltammograms. Fig. 3
shows that the electrochemical stability of the composite separa-
tors is comparable to that of a commercialized PE separator and
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Fig. 6. AC impedance spectra of cells after the 10th and 200th cycle: (a) pristine PE
separator, (b) 40 nm SiO,-coated composite separator, and (c) 530 nm SiO;-coated
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no decomposition of any components below 5.0V vs. Li*/Li takes
place. This indicates that the composite separators can be a good
alternative to a PE separator, even in application to high-voltage
lithium-ion batteries.

The effects of the ceramic coating layers on the electrochemi-
cal performance of the composite separators were investigated as
a function of SiO, powder size. Fig. 4 shows the discharge profiles
of cells assembled with various separators. The cells were charged
under a voltage range between 3.0 and 4.4V at a constant charge
current density of 0.2 C and discharged at various current densi-
ties ranging from 0.2 to 1.0 C. The voltage and discharge capacity
of the cells gradually decrease with an increase of the discharge
current density. No abnormal or unstable discharge profiles were
observed for the composite separators. Intriguingly, the discharge
capacities of the 40 nm SiO,-coated composite separator appear to
be little different from those of the pristine PE separator. This indi-
cates that the 40-nm SiO, coating layer does not significantly hinder
the ionic conduction, owing to its highly developed porous struc-
ture. Another important finding is that the discharge capacities of
the 40 nm SiO,-coated composite separator are higher than those
of the 530 nm SiO,-coated one. The difference in the discharge C-
rate capacities between the composite separators becomes more
pronounced at the higher discharge currents (Fig. 4(d)), where the
influence of ion transport on the ohmic polarization [9] is more
important. The discharge C-rate performance is further discussed
by considering the total ionic conductance of the separators. As
shown in Table 1, the total ionic conductance (=0.61 S) of the 40 nm
SiO,-coated composite separator is higher than that (=0.53 S) of the
530 nm SiO,-coated one. This indicates that the 40 nm SiO,-coated
composite separator can afford more facile ionic transport due to
its highly porous structure, which consequently could be beneficial

in improving the discharge C-rate capability. Meanwhile, in addi-
tion to the control of SiO, particle size, it is also suggested that the
discharge C-rate capability of the SiO,-coated composite separa-
tors could be further improved by optimizing porous structure and
thickness of SiO, coating layers. This will be definitely one of our
major research interests in future studies.

Fig. 5 compares the cyclability, i.e. discharge capacity as a func-
tion of cycle number, of the composite separators with that of the
pristine PE separator, where the cells were cycled under a volt-
age range between 3.0 and 4.4V at a constant charge/discharge
current density (0.5C/0.5C). An intriguing finding is that the
40 nm SiO,-coated composite separator shows excellent discharge
capacity up to 200 cycles, which appears to be slightly higher
than that of the pristine PE separator. Kim and co-workers [8]
reported that a ceramic layer (Al;O3 powders and poly(lithium
4-styrenesulfonate) binders)-coated PE separator has superior abil-
ity to retain liquid electrolytes than a hydrophobic PE separator
alone, and thus helps to prevent leakage of liquid electrolyte during
cycling, resulting in improved cyclability. In addition to this inter-
pretation, in order to provide a more detailed understanding of the
cycle performance of the composite separators, the AC impedance
spectra of fully charged cells after the 10th and 200th cycle were
analyzed in this study. Fig. 6(a) shows that the ACimpedance of cells
assembled with the pristine PE separator significantly increases
after the 200th cycle. An increase in cell impedance is known to
have a negative influence on capacity of cells [18-21]. In compari-
son to the pristine PE separator, the 40 nm SiO,-coated composite
separator strongly hampers the increase in the cell impedance
(Fig. 6(b)). This suppressed growth in the cell impedance may be
ascribed to the more intimate contact of the ceramic coating layers
with the electrodes after being filled with the liquid electrolytes.
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A previous study [8] also reported similar interpretations on the
change in AC impedance during cycling of cells assembled with
various separators.

In contrast to the 40 nm SiO,-coated composite separator, the
530 nm SiO,-coated composite separator shows a steep decline in
the discharge capacity with an increase of cycle number, resulting
in the poor cyclability. The capacity retention after the 200th cycle
was found to be 29% for the 530 nm SiO,-coated composite sep-
arator, in comparison to 77% for the 40 nm SiO,-coated one and
73% for the pristine PE separator. It has been already observed that
the 530 nm SiO,-coated composite separator has low total ionic
conductance and thus poor discharge C-rate capability. This slug-
gish ion transport in the 530 nm SiO,-coated composite separator
may have a profound detrimental effect on the cyclability, even
though the 530-nm SiO- coating layer slightly retards the growth of
cell impedance (Fig. 6(c)). These results demonstrate that the SiO,
coating layers, more specifically SiO, particle size, of the composite
separators have a major influence on the cell performances.

Meanwhile, the morphological stability of the SiO,-coated com-
posite separators during cycling was examined. Fig. 7 shows that
even after the 200th cycle, the SiO, coating layers of the composite
separators are little changed at not only the cathode-contacting
side but also the anode-contacting one. There has been neither
breakdown of the porous structure nor peel-off of the SiO, nanopar-
ticles. This intriguing result reveals that the SiO, nanoparticles
in the coating layers are stable and hardly dissolved in the cells
under this cycling condition (i.e., during 200 cycles at 0.5C/0.5C
and 3.0-4.4V).

4. Conclusions

We successfully developed the new composite separators by
introducing the ceramic coating layers (i.e. close-packed SiO,
nanoparticles interconnected by PVdF-HFP binders) onto both sides
of the PE separators. The existence of the heat-resistant SiO, coat-
ing layers enabled the composite separators to show substantial
reduction in the thermal shrinkage, as compared to the pristine
PE separator. The effects of ceramic coating layers on the sepa-
rator properties were in great detail investigated as a function of
SiO, powder size. In comparison to the large-sized (=530 nm) SiO,,

the small-sized (=40 nm) SiO, presented a large number of SiO,
nanoparticles in the ceramic coating layers, high porosity, and small
increase in the cell impedance, which consequently contributed to
the improvement in not only thermal shrinkage and ion transport
of the separator but also cyclability of the cell. This study demon-
strated that the structure control of SiO, ceramic coating layers
plays a crucial role in determining the composite separator prop-
erties and cell performances.
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