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Abstract—To enhance thermal stability and high-rate capability of lithium-ion batteries, both sides of porous polyeth-
ylene (PE) and poly(vinylidene fluoride) (PVdF) separators are coated with nanosized Al,O; powder and poly(2-acryl-
amido-2-methyl-1-propanesulfonic acid) (PAMPS) binder dispersed in acetone-water solvent. For comparison, PVdF is
also used as a polymer binder for coating. The ALO;/PAMPS-coated separators show an improved thermal shrinkage
resistance at 120 °C and enhanced electrochemical performance of LiCoO,||graphite full-cell. These improvements are
due to the binding ability of PAMPS, the large surface area of the ALO; nanoparticles, and their surface hydrophilicity
maintained by the PAMPS binder to exhibit outstanding wettability towards the electrolyte, resulting in the increase in

discharge capacity and high-rate capability.
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INTRODUCTION

The lithium-ion battery is one of the most common recharge-
able batteries for portable electronic devices and electric vehicles
due to higher energy density and no charge loss when not in use.
In a lithium-ion battery; the electrochemical reaction occurs by inter-
calation and deintercalation of lithium ions through the separator
in electrolyte medium. An ideal separator allows rapid transport of
Li" with good mechanical stability to avoid direct contact of posi-
tive and negative electrodes to prevent electrical short-circuits. Thus,
the need to improve the separator property as an important factor
that affects battery performance is still increasing. In particular, the
enhancement of thermal stability is necessary for a separator to avoid
short-circuit problems between electrodes, occurring during odd
heat generation or mechanical rupture. Another important factor to
consider is the ability of separator to retain the electrolyte solution.

Most commonly used separators for conventional lithium-ion
batteries are porous polyolefin membranes such as polyethylene
(PE) and polypropylene, due to their advantages of good mechani-
cal strength and electrochemical stabilities [1,2]. However, they shrivel
very easily upon exposure at high temperatures. Moreover, the non-
polar PE separators have poor electrolyte retention ability to polar
organic electrolytes. As a way to overcome these drawbacks, a coat-
ing process on the separator with ceramic nanoparticles has been
used to enhance the membrane properties, such as the thermal
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stability and the wettability to non-aqueous organic electrolyte solu-
tions [3-7]. As the ceramic nanoparticles, alumina (AL, O;), silica
(Si0,), zirconia (ZrQ,), titania (Ti0,), and their mixtures are now
used with the poly(vinylidene fluoride) (PVdF) binder. The inclu-
sion of ceramic particles with polymer binder has been tried to give
separator coating or ceramic filler-containing separator film to play
useful roles in forming particle networks (particle dispersion), inhib-
iting the crystallization and reorganization of polymer chains (solid
plasticizer), and interacting with lithium ion species (solid solvent)
[8-12]. These features eventually resulted in the enhancement of
electrolyte-containing separator properties such as mechanical strength,
ionic conductivity, electrochemical stability, compatibility with lith-
ium electrode, and so on. Also, there are some commercially suc-
cessful examples of ceramic separators, such as Degussas Separion”
and LG Chems SRS® technologies.

In this work, poly(2-acrylamido-2-methyl-1-propanesulfonic acid)
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Fig. 1. Chemical structure of PAMPS.
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(PAMPS) as a new polymer binder of the coating matrix on PE or
PVAF separator is introduced. Its chemical structure is shown in
Fig. 1. The PAMPS is a water-soluble organic polymer and is often
used as a protonic conductor in the solid electrolyte of electrochro-
mic device [13], due to its controllable pH and the interfacial com-
patibility with conducting materials. The PAMPS also uses as an
additive to ultrafiltration membrane with high water reflux [14], a
solubility-increasing additive to water [15,16], and even as a pro-
ton-conductive agent in direct methanol fuel cell [17-21]. To the best
of our knowledge, however, there is no report yet on the PAMPS
binder applied for the separator of lithium-ion batteries. It is expected
that the advantages of PAMPS as binder in the ceramic coating
process will be over the role of PVAF binder. The main objective of
this study was to fabricate an AL O;-coated separator with PAMPS
binder, which displays good thermal stability and superior wetta-
bility. In addition, a lithium-ion battery consisting of conventional
LiCoO,||graphite and adopting the ALO;-coated separator is expected
to show higher capacity and excellent high-rate capability.

EXPERIMENTAL

A fixed amount of PAMPS (Aldrich) was dissolved in water/ace-
tone solvent mixture (5/95 v/v) and was ball-milled with ALO; pow-
der (Degussa) overnight to yield a coating solution. Equal amounts
of PAMPS and ALO; in weight basis were used. And then, both
sides of PE (Celgard 2045) and PVAF (Amotech, S21216) separa-
tors were coated by dipping to the coating solution for at least 1 min
to give Al,O5/PAMPS-coated PE and PVdF separators. The coated
separators were then allowed to dry at room temperature for about
1 h and vacuum-dried at 80 °C for 24 h to remove the solvent com-
ponents completely. For comparison, the Al,O,/PVdF-coated PE
and PVAF separators were also prepared according to the same pro-
cedure above, but using PVAF binder (Aldrich) instead of PAMPS
binder.

Surface morphologies of the as-prepared coated separators were
observed with a field emission scanning electron microscope (Hita-
chi S-4800). For the coated separators, thermal stability was exam-
ined by observing the degree of thermal shrinkage after heating
under vacuum at 120 °C for 1h. The wettability was evaluated by
observing the wetting trend after 1 min when a drop of electrolyte
solution (1.0 M LiPF dissolved in an equal-weight mixture of eth-
ylene carbonate and dimethyl carbonate) (PanaX Starlyte”) was in
contact with the surface of the coated separator. Pieces of the sep-
arator sample were then swollen for at least 24 h by absorbing the
electrolyte solution to measure the liquid uptake. The liquid uptake
(%) of coated separator was determined by a weight increase rate
as (W,-W,)x100/W, where W, and W, were weights of coated
separators before and after absorbing the electrolyte solution for
241, respectively. The coated separators absorbing the electrolyte
solution were also sandwiched between two Pt electrodes (1 cmx
1 cm) to measure the ionic conductivity using impedance spec-
troscopy function of an Autolab instrument (PGstat 100, Eco Che-
mie). Room-temperature ionic conductivity (o; [Scm™']) values of
the coated separators were estimated by the equation of o=I/(R-A),
where I [cm], R [Q], and A [cm’] denote resistance value corre-
sponding to the radius of semicircle in the impedance spectra, thick-
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ness of the coated separator samples, and electrode area, respectively.

The coated separator was sandwiched between the cathode (Li
Co0O,, Umicore KD-10) and the anode (graphite, Nihon Carbon
P15B-HG) enclosed in a sealed aluminum pouch to give a lithium-
ion battery full-cell. Before the final sealing of the full-cell, 35 uL of
the electrolyte solution was injected to the pouch cell. All cell assem-
blies were conducted inside of a glove box containing an argon gas.
Charging (at 0.1 C-rate) and discharging for 50 cycles were then
carried out using a cycler (Toscat 3000, Toyo Systems) within the
voltage range of 3.0-4.2'V, varying the C-rates as 0.1, 0.2, 0.5, 1.0,
2.0, and 5.0 to examine the high-rate capability. The 1.0 C-rate was
based on the practical specific capacity of Li,CoO, as 130 mAh g
(x=0.5).

RESULTS AND DISCUSSION

A mixture of acetone solvent and water non-solvent was cho-
sen as the dissolving medium of ceramic coating solution. The pair
of solvent and non-solvent may cause large difference in solubility
parameters to form larger pore size and highly porous coating lay-
ers [5] through a phase-inversion technique [22-25]. In the sur-
face morphologies (see Fig. 2), the PE and PVdF separator surfaces
are adequately coated by spherical ALO; nanoparticles with pores,
which are held by either PAMPS or PVdF binder. In the cases of
ALO,/(PAMPS and PVdF) on PE separator (see Figs. 2(c) and 2(e)),
however, a deviated morphology from the spherical nanoparticles
may be observed to be connected with polymer binder to yield char-
acteristic pores. That is, the image in the ALO;/PAMPS on PE sep-
arator shows prominently wrinkled morphology with larger pores
but no spherical particles projected on the surface. In contrast, the
sample of ALO5/PVAF on PE separator (see Fig. 2(e)) exhibits homo-
geneously distributed spherical AL,O; nanoparticles with compara-
tively localized larger pores. It seems to be due to the difference in
binding ability between PAMPS and PVdF binders in the coating
matrix. Meanwhile, the ALO,/PAMPS does not homogeneously
disperse on the surface of PVAF separator (see Fig. 2(d)) to show se-
verely aggregated morphology with ALO; nanoparticles and PAMPS
binder, due to an incompatibility between PAMPS and PVdAE In
contrast, the ALO;/PVAF on PVAF separator (see Fig. 2(f)) exhib-
its very smooth surface with fairly good distribution of AL,O; nano-
particles. This is due to an excellent compeatibility between the PVdF
binder and PVdF separator.

Thermal stability is then tested by heating the ALO,/PAMPS-
coated separators at 120 °C for 1 h and by observing their dimen-
sional stability (size and shape). As shown in Fig. 3, the pristine PE
separator is not able to maintain its original dimension, which is
shriveled enormously after exposure to the temperature environ-
ment. Meanwhile, the Al,O,/PAMPS-coated PE separators suffer
little physical change. The PAMPS-based composite separators are
almost unaffected by heating, compared to the pristine PE separa-
tor, which is severely crumpled. This means that the PE separator
hardly overcomes the stress caused by the heat and is less thermally
stable than the separator using PAMPS binder. The thermal stability
enhanced by PAMPS can be emphasized by the chemical struc-
ture through steric hindrance of the germinal dimethyl group and
the sulfomethyl group towards the amide functionality [26-29]. Thus,
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Fig. 2. Scanning electron microscopic images of (a) PE separator, (b) PVAF separator, (c) ALO;/PAMPS-coated on PE, (d) ALO,/PAMPS-
coated on PVE, (e) Al,O,/PVdF-coated on PE, and (f) Al,O,/PVdF-coated on PVdE.

coating the separator with AL,O,/PAMPS can improve the ther-
mal stability; which is very agreed with the results reported by Choi
and coworkers [3]. Meanwhile, the Al,O,/PAMPS-coated PVAF
separator shows slightly wrinkled by the heat (see Figs. 3(c) and
3(c’), due to higher heat-resistive property of PVAF than PE. For
information, the melting points of PE and PVdF are about 120-
130°C and 160-170 °C, respectively. In addition, ALO,/PVdF-coated
on PE and PVAF separators (not shown) are also unaffected by the
heat at 120 °C, due to the heat-resistive property of PVAE

Another important factor in the separator functions is the com-
patibility to liquid electrolyte solution. The wettability test is per-
formed for the ceramic-coated separators by dropping a few mi-
croliter of the electrolyte solution and by observing the wet states
after 1 min. The coated PVAF separators exhibit a comparatively

better wettability towards the electrolyte solution, in contrast to the
coated PE separators which are not totally wet (see Fig. 4). Also,
absorption of the electrolyte solution for 24 h results in higher lig-
uid uptake values (70-75%) for ALO;-coated PVAF separators, com-
pared to lower uptakes (30-40%) for ALO;-coated PE separators.
It seems that it is brought about by the large difference in polarity
between nonpolar PE and highly polar PVAF separators, which is
intermediated by organic electrolyte solution [4,30]. Good electro-
lyte retention of the PVdF-based separators may be attributed to
excellent wettability of the ALO; nanoparticles towards organic elec-
trolyte solution [5,6,31] which is further supported by the polarity of
PAMPS binder [32] to be compatible with the electrolyte solution.
The ionic conductivity values are calculated using the values of
electrode area (A=1cm’), resistance (R, see Fig. 5) and thickness
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1202/PAMPS on PE

1203/PAMPS on PVdF

Fig. 3. Images of separators before and after the thermal shrinkage
at 120 °C for 1 h: (a) pristine PE separator, (b) ALO,/PAMPS-
coated PE, and (c) Al,O,/PAMPS-coated PVdF matrices.
Primed (') images indicate the images after the thermal shrink-
age.

(a) Al,03/PAMPS on PE §(b) AlLOs/PAMPS on PVdF

(c) Al,O5/PVdF on PE

(d) Al,O4/PVdF on PVdF

Fig. 4. Electrolyte wettability of (a) ALO,/PAMPS on PE separator
(b) ALOs/PAMPS on PVdF separator (c) AL,Os/PVdF on PE
separator (d) ALO,/PVdF on PVdF separator.

(D) of the coated separators. Thus, room-temperature ionic con-
ductivity values of the coated separators are determined to be 1.2x
10° S cm™ for ALO,/PAMPS on PE (I=60 um, R=5.04 Q0), 3.3x10”
Scm™ for ALO,/PAMPS on PVAF (=64 pm, R=1.97Q0), 6.0x10™* S
cm™' for AL,O,/PVdF on PE (=68 um, R=11.7 Q), and 3.4x107° S
cm' for ALO;/PVAF on PVAF separators (/=73 um, R=224 Q). In
the aspect of ionic conductivity; the coated separators with PAMPS
binder exhibit higher or comparable ionic conductivity compared
to the cases with PVAF binder. It may be supported by larger pores
of the PAMPS-based separators, allowing faster ionic transport
between the electrodes through highly porous membrane. On the
other hand, the coated PVAF separators show higher ionic con-
ductivity values than the coated PE separators. This is also due to
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Fig. 5. Nyquist plots of ALO;-coated separators for evaluation of
ionic conductivity, measured between two Pt electrodes.
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Fig. 6. (a) Initial discharge capacities and (b) cycle performance re-
sults of the LiCoQ,||graphite cells adopting different separa-
tor systems, obtained at 0.1 C-rate.

the larger pores of the PVAF separator itself added by the smaller
pores created between interconnected inorganic ALO; nanoparti-
cles to give better wettability towards the electrolyte solution. Com-
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Fig. 7. Discharge capacities of the LiCoO,||graphite cells containing (a) PE separator, (b) PVAF separator, (c) ALO;/PAMPS on PE, (d) ALO,/
PAMPS on PVdE, (e) ALO,/PVdF on PE, and (f) ALO,/PVdF on PVAF separators.

bining all kinds of pores, the porosities may be summed up to cater
facile transport of ions, and thus resulting in the enhancement of
the ionic conductivity.

The effects of AL,O; coatings with different polymer binders on
the electrochemical performance of LiCoO,||graphite full-cells adopt-
ing the coated separators are evaluated by charge-discharge test, as
shown in Figs. 6 and 7. The full-cells adopting the pristine PE and
PVAF separators exhibit initial discharge capacities of 91.3 and 91.8
mAh g, respectively, at 0.1 C-rate (see Fig. 6(a)). However, the
AL, O;-coated separators using PAMPS binder result in higher dis-
charge capacities than those of using the pristine separators, ie,
108 mAh g for ALO,/PAMPS on PE and 958 mAh g for ALO,/
PAMPS on PVAE Such increase in discharge capacity by the coat-
ing with PAMPS binder may be attributed to the large surface area
of the ALO; nanoparticles with higher porosity and the binding
ability of PAMPS. In contrast, the ALO,/PVAF on PVdF separator

shows the lowest discharge capacity (about 71 mAh h, although
it has the highest ionic conductivity value (3.4x10° S cm™). This
may be due to the extremely porous structure of the AL,O,/PVdAF
on PVAF separator to be less dense and its large volume of electro-
lyte uptake. The extreme wettability of a separator can involve a
mechanical breakdown of the separator during cycling, resulting
in the lower discharge capacity. In addition, Fig. 6(b) shows cycle
performance of the lithium-ion cells adopting the ALO;-coated sepa-
rators. It seems that the superior capacity retention ratio (94.1% for
50 cycles) for the AL,O;/PAMPS on PVAF may be obtained by syner-
gistic effect between PAMPS binder (to promote closer contact
between separator and electrodes, reducing interfacial and charge
transfer resistances) and PVAF separator (to give higher liquid uptake
and ionic conductivity).

Fig. 7 shows the rate-capability results of LiCoO,||graphite full-
cells adopting the coated separators. Compared to the pristine PE
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separator, the ALOs-coated on PE separator demonstrates large dis-
charge capacity, e.g., at 5 C-rate, 57 mAh g ' for ALLO;/PAMPS on
PE and 68 mAh g ' for ALLOy/PVdF on PE against 46 mAh g ' for
pristine PE separator. The increase in discharge capacity at high C-
rates for the AL,Os-coated separators may be due to mainly decrease
in interfacial resistance, which is followed by closer contacts between
separator and electrodes, and due to slight reduction in charge trans-
fer resistance (reflected to slight decrease in iR drop). Of the PVAF-
based separators, the ALO,/PAMPS on PVAF shows highest rate-
capability, e.g., the discharge capacity of 72mAh g at 5 C-rate,
compared to very low capacities of 35 and 22mAh g ' at 2 and 5
C-rates, respectively, for the pristine PVAF separator. Overall, the
AlL,O;-coated separator with PAMPS binder shows superior high-
rate capability, due to excellent binding ability with higher heat-
resistive property and higher ionic conductivity.

CONCLUSION

Al O;-coated separators with PAMPS and PVdF binders were
successfully prepared on pristine PE and PVAF separators to form
additional smaller pores between the interconnected ALO; nano-
particles. The coated separators proved to have better thermal sta-
bility and electrolyte wettability compared to the pristine separa-
tors. The AL,O,/PAMPS on PE separator shows the highest initial
discharge capacity (108 mAh g ') and superior high-rate capability.
The improvements in the thermal stability, wettability, and electro-
chemical properties are attributed to thermally stable ALO; parti-
cles and the compatibility with electrolyte solution. In addition, such
enhancements may be amplified by thermally stable, polar PAMPS
binder for the ALO; coating. Thus, the ALO;/PAMPS on PE sepa-
rators can greatly contribute to use in lithium-ion batteries.
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