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A hybrid composite membrane is prepared by coating nano-sized Al,O; powder (13 and 50 nm) and
poly(vinylidene fluoride-co-hexafluoropropene) (P(VdF-co-HFP)) binder on both sides of polyethy-
lene separator. The composite membrane shows better thermal stability and improved wettability
for organic liquid electrolyte than polyethylene separator, due to the presence of heat-resistant
Al,O4 particles with high-surface area in the coating layer. By using the composite membrane, the
lithium-ion cells composed of carbon anode and LiNi; ;,Co,,3Mn, 50, cathode are assembled and
their cycling performances are evaluated. The cells assembled with the composite membranes are
proven to have better capacity retention than the cell prepared with polyethylene separator, due
to the enhanced ability to retain the electrolyte solution in the cell. The cell assembled with the
composite membrane containing 13 nm-sized Al,O5 particles has an initial discharge capacity of

173.2 mA h g~ with good capacity retention.
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1. INTRODUCTION

Rechargeable lithium-ion batteries are being developed
and produced as power sources for portable electronic
devices, electric vehicles and energy storage systems due
to their high energy density and long cycle life. In these
batteries, a separator is a microporous membrane that pre-
vents physical contact of the positive and negative elec-
trodes while permitting ionic transport within the cell. It is
a critical component to achieve good battery performance
such as cycle life, energy density, high rate capability
and safety."? Most of the separators used in lithium-
ion batteries are based on microporous polyolefin mem-
branes. Although the polyolefin membranes offer excellent
mechanical strength and chemical stability, they exhibit
large thermal shrinkage at high temperatures,®> which
causes a short circuit between electrodes in cases of
unusual heat generation.

Separators should be also wet in the electrolyte solution
and retain the electrolyte solution well. However, the large
difference in polarity between the non-polar polyolefin
separator and the highly polar organic electrolyte leads to
poor wettability, which results in poor cycling stability.
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Therefore, separators with enhanced thermal stability and
good wettability in organic liquid electrolytes are highly
desirable for the development of lithium-ion batteries with
enhanced safety and good cycling performance. In this
respect, the hybrid composite membranes that combine
the characteristics of polymer separator and heat-resistant
ceramic materials are being developed to achieve this
goal 610

In this work, we tried to improve the thermal stability
and wettability of a microporous polyethylene separator by
coating both sides of the separator with nano-sized Al,O,
particles and poly(vinylidene fluoride-co-hexafluoropro-
pene) (P(VdF-co-HFP)) binder. It has been reported that the
interfacial stability toward electrodes was improved when
the nano-sized Al,O; was used as the filler.!! The Al,O,
could also hold the electrolyte solvent effectively and thus
improved wettability for non-aqueous liquid electrolyte.
Moreover, the composite membranes containing Al,O; par-
ticles exhibited good thermal stability, due to the presence
of a heat-resistant alumina powder with a high surface area.
With the composite membrane, we assembled lithium-ion
cells composed of carbon anode and LiNi, ;Co, ;Mn, ,;0,
cathode. The cycling performances of cells with composite
membranes were evaluated and compared to those of cell
prepared with polyethylene separator.
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2. EXPERIMENTAL DETAILS
2.1. Hybrid Composite Membrane

A hybrid composite membrane was prepared from nano-
sized Al,O; powder (average particle size: 13 and 50 nm,
Aldrich) and P(VdF-co-HFP) (Kynar 2801). P(VdF-co-
HFP) and Al,O; powder (50:50 by weight) were dissolved
in acetone and the solution was ball-milled for 48 h. The
resulting viscous solution was cast with a doctor blade
on to a microporous polyethylene separator (thickness:
20 wm, Asahi-Kasei Co.), then left so that the solvent
evaporated at room temperature for 10 min. The solution
was cast again on to the other side of the polyethylene
separator. The Al,O;-coated separator was dried at room
temperature for 10 min to allow the solvent to evaporate,
followed by additional drying in a vacuum oven at 60 °C
for 24 h. The thickness of hybrid composite membranes
was measured to be 24 um.

2.2. Electrode Preparation and Cell Assembly

The cathode consists of 85 wt.% LiNi,;Co,;;Mn, ;0,,
7.5 wt.% PVdF, and 7.5 wt.% super-P carbon. The slurry
of these materials was prepared in N-methyl pyrrolidone
(NMP) and coated on aluminum foil. Its active mass load-
ing corresponded to a capacity of about 1.0 mA h cm™2.
The anode was also prepared by coating a NMP-based
slurry of mesocarbon microbeads (MCMB), PVdF, and
super-P carbon (85:7.5:7.5 by weight) on copper foil. The
electrodes were roll pressed to enhance particulate con-
tact and adhesion to the current collector. Lithium-ion cells
were assembled by sandwiching the composite membrane
between the carbon anode and the LiNi,;Co,,;Mn, ;0,
cathode. The cell was then enclosed in a pouch bag
injected with the electrolyte solution. The electrolyte used
was 1.15 M LiPF, in ethylene carbonate (EC)/diethyl car-
bonate (DEC) (3:7 by volume, Techno Semichem Co.
Ltd.). All cells were assembled in a dry box filled with
argon gas.

2.3. Measurements

The surface morphologies of polyethylene separator and
hybrid composite membranes were examined using a field
emission scanning electron microscope (FE-SEM) (JEOL,
JSM-6330F). The porosity (¢) of the coating layer on
polyethylene separator was measured by the equation
given in previous studies,'>*

e=1-p,/p, (1)

where p,, and p, are the measured density and theoretical
density of coating layer, respectively. Thermal shrinkage
of the composite membrane in the form of dimensional
change was measured before and after being kept at 105 °C
for 1 hr. In order to measure electrolyte uptake and ionic
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conductivity, the composite membrane was first immersed
in LiPF; in EC/DEC for 1 hr. Afterward, it was taken out
from the electrolyte solution and excess electrolyte solu-
tion on the surface of membrane was removed by wiping
with filter paper. The uptake of electrolyte solution was
determined using the following Eq. (2),

uptake (%) = (W —W,)/W, x 100 (2)

where, W, and W are the weights of the membrane before
and after soaking in the liquid electrolyte, respectively.'>™’
The wetted membrane was sandwiched between two stain-
less steel electrodes for conductivity measurements. The
cell was enclosed in a pouch bag and sealed to permit test-
ing outside of a glove box. AC impedance measurements
were performed to measure ionic conductivity using an
impedance analyzer over the frequency range of 10 Hz to
100 kHz with amplitude of 10 mV. Charge and discharge
cycling tests of the lithium-ion cells were conducted at a
current density of 0.5 mA cm~2 (0.5 C rate) over a voltage
range of 3.0-4.5 V with battery test equipment at room
temperature and 55 °C.

3. RESULTS AND DISCUSSION

FE-SEM images of the surface of microporous polyethy-
lene separator and hybrid composite membranes are pre-
sented in Figure 1. The polyethylene separator exhibits a
uniformly interconnected submicron pore structure. As the
nano-sized Al,O; powder with P(VdF-co-HFP) binder was
coated onto the polyethylene separator, the ceramic parti-
cles were covered the polymer binder. The porosities of
the coating layer on polyethylene separator were measured
to be 0.56 and 0.62 for the composite membrane contain-
ing 13 and 50 nm-sized Al,O; particles, respectively. The
presence of porous coating layer consisting of Al,O; pow-
der with P(VdF-co-HFP) may improve the thermal stabil-
ity of the polyethylene separator and also lead to efficient
gelation by liquid electrolyte when it is immersed in an
electrolyte solution.

In order to evaluate the heat-resistant properties of
the hybrid composite membranes, we measured thermal
shrinkage after storing them at 105 °C for 1 hr, and
the results are given in Table I. The polyethylene sep-
arator shows a high degree of shrinkage after exposure
to the high temperature. Since the manufacturing process
of polyethylene separator includes a drawing step, they
shrink easily when exposed to high temperature, due to
internal stress.> Consequently the polyethylene separator
loses mechanical stability upon exposure to high temper-
atures, which can result in internal short between anode
and cathode in lithium-ion batteries. It can be seen that
the thermal shrinkage is significantly reduced by coating
the polyethylene separator with nano-sized Al,O; powder
and P(VdF-co-HFP) binder. It is considered that coating
of heat-resistant ceramic particles onto both sides of the
polyethylene separator can prevent dimensional changes
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Fig. 1. FE-SEM images of the surface of polyethylene separator and
composite membranes. (a) Polyethylene separator, (b) composite mem-
brane containing Al,O, with a particle size of 13 nm, (c) composite
membrane containing Al,O; with a particle size of 50 nm.

by thermal deformation because of the frame structure of
the heat-resistant ceramic powder with polymer binder.
The improvement of thermal stability is more remarkable
when the Al,O; powders with particle size of 13 nm are
used (thermal shrinkage is 3.4%). This result may origi-
nate from their large surface area and high volume ratio
to polymer binder. Electrolyte uptake and ionic conduc-
tivity of composite membranes are also summarized in
Table 1. As expected, the polyethylene separator exhibits
poor wettability due to its inherent hydrophobic charac-
teristics. For the composite membranes, the amount of
electrolyte absorbed is greater than the amount absorbed
by polyethylene separator, which results in higher ionic
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Table I. Thermal shrinkage, electrolyte uptake and ionic conductivities
of polyethylene separator and composite membranes.

Thermal Electrolyte Tonic

Thickness shrinkage  uptake  conductivity
Membrane (m) (%) (%) (S em™)
PE separator 20 9.8 93.8 22x107*
Composite membrane 24 3.4 183.3 4.0x 107
(® =13 nm)
Composite membrane 24 39 152.1 3.5x 107
(® =50 nm)

conductivity. This result can be ascribed to the presence
of the nano-sized Al,O; particles with high-surface area.
In addition, since P(VdF-co-HFP) is a copolymer that is
easily swollen by an electrolyte solution, a higher amount
of electrolyte solution is expected to be retained by the
polymer binder.

Ionic conductivities of different membranes soaked in
electrolyte solution were measured as a function of stor-
age time. Figure 2 illustrates the time dependence of
the ionic conductivity for the electrolytes prepared with
polyethylene separator and composite membranes, respec-
tively. As discussed above, the electrolytes prepared with
the composite membranes exhibit higher ionic conductivity
than polyethylene separator over time periods measured.
It should be noted that ion conduction behavior with time
is different for each parent membrane. Gradual decrease in
the ionic conductivity for polyethylene separator may be
related to the solvent exudation upon long storage, which
arising from poor compatibility with electrolyte solution.
After conductivity measurements, liquid electrolyte exud-
ing from the polyethylene separator was observed in the
cell. On the contrary, constant values of ionic conductivity
for the composite membranes for a long period of time
suggest that the electrolyte solution is well encapsulated
in the composite membrane.

Cycling performance of lithium-ion cells prepared with
the composite membranes was evaluated. All cells were

107

I
=)
Q
z)/ g —
2
£ 107
Q
=}
]
=]
S
Q
Q
= —&— polyethyene separator _—
= —@— composite membrane (13 nm)
—A— composite membrane (50 nm)
107 : T
0 1 2 3 4 5

Time (day)

Fig. 2. Time evolution of the ionic conductivity of polyethylene sepa-
rator and composite membranes soaked in LiPF in EC/DEC.
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Fig. 3. Charge and discharge curves of lithium-ion cell assembled with
the composite membrane containing 13 nm-sized Al,O; particles. (0.5 C
CC and CV charge, 0.5 C CC discharge, cut-off: 3.0-4.5 V.)

charged at a current density of 0.5 mA cm~2 (0.5 C rate)
up to a target voltage of 4.5 V. This was followed by a
constant voltage charge with a decline of current until a
final current was reached to 20% of the charging current.
The cells were then discharged to a cut-off voltage of 3.0 V
at the same current density (0.5 C rate). Figure 3 shows the
charge—discharge curves of the Ist, 20th, 50th and 100th
cycle of the lithium-ion cell assembled with the composite
membrane containing 13 nm-sized Al,O; particles. The
cell delivers an initial discharge capacity of 173.2 mA h
¢! based on active LiNi, ;3C0,3Mn, 30, material in the
cathode. After 100 cycles, the discharge capacity of the
cell declines to 156.1 mA h g=!, which corresponds to
90.1% of the initial discharge capacity.

Figure 4 compares the discharge capacities of lithium-
ion cells assembled with different membranes, as a function
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Fig. 4. Discharge capacities of the lithium-ion cells prepared with
polyethylene separator and composite membranes, as a function of cycle
number. (0.5 C CC and CV charge, 0.5 C CC discharge, cut-off:
3.0-45V.)
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of cycle number. The cycling characteristics of the cells are
found to depend on the type of membrane. The initial dis-
charge capacity of the cell is slightly decreased by coating
the polyethylene separator with Al,O; powder and poly-
mer binder. Presence of an additional coating layer on the
porous polyethylene separator may increase the resistance
of ion migration in the cell, giving rise to a reduced dis-
charge capacity. On the other hand, the capacity retention
is improved by coating Al,O; powder and polymer binder.
As discussed in Figure 2, the ability to retain electrolyte
solution in the composite membrane is higher than in the
hydrophobic polyethylene separator alone, and thus helps
to prevent a lack or leak of electrolyte during repeated
cycling. When examining the effect of the particle size of
Al,O; powder on the cell performance, the cell assembled
with composite membrane containing 13 nm-sized Al,O,
powder exhibits better capacity retention. The ability to
retain the electrolyte solution in the composite membrane
was favored by using smaller Al,0; powders with high
surface area, which helped to prevent release of electrolyte
solution during cycling. The stable interfacial character-
istics promoted by the fine Al,O; particles due to their
large surface area and high volume may also have con-
tributed to the improved capacity retention, as reported
earlier.'8-20

Rate capability of the lithium-ion cell prepared with the
composite membrane was evaluated. Cells were charged to
4.5 V at a constant current of 0.1 C and discharged at dif-
ferent current rates ranging from 0.1 C to 2.0 C. Figure 5
shows the relative discharge capacities of lithium-ion cells
assembled with difference membrane, as a function of cur-
rent rate. Here, the relative capacity is defined as the ratio
of the discharge capacity at a specific C rate to the dis-
charge delivered at a rate of 0.1 C. The cells assembled
with composite membrane show slightly lower capacity at
high current rate, as compared to the cell prepared with
polyethylene separator.
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Fig. 5. Relative capacities of lithium-ion cells prepared with polyethy-
lene separator and composite membranes, as a function of C rate.
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Fig. 6. AC impedance spectra of the lithium-ion cells assembled with
polyethylene separator and composite membranes, which are measured
after cycling.

In order to investigate the origin for difference in high
rate performance, the ac impedance of the cells was
measured after evaluating the rate capability. The resul-
tant ac impedance spectra exhibiting two semicircles are
shown in Figure 6. According to previous ac impedance
analysis,?"?? the semicircle in the high frequency range
can be attributed to the resistance due to Li* ion migration
through the surface film on the electrode and the semi-
circle in the medium to low frequency range is due to
charge transfer resistance between the electrode and elec-
trolyte. The surface film resistance observed in the high
frequency region was hardly affected by the type of mem-
brane. On the other hand, the charge transfer resistance
was found to be higher in the cell assembled with the
composite membrane. This result suggest that the coating
layer composed of nano-sized Al,O; powder and P(VdF-
co-HFP) binder in the composite membrane may hamper
the charge transfer reaction in the cell even if the coat-
ing layer on the polyethylene separator can improve the
wettability towards electrolyte solution.

Cycling performances of the lithium-ion cells prepared
with the polyethylene separator and composite membranes
were evaluated at high temperature (55 °C), and the results
are shown in Figure 7. The initial discharge capacity of
the cell was irrespective of the membrane used in lithium-
ion cells, as shown in Figure 7(a). Also, the difference
in high rate performance was not noticeable, as depicted
in Figure 7(b). These results suggest that an additional
coating layer on the porous polyethylene separator hardly
affects the internal resistance of the cell, as the temperature
increased. However, the effect of type of the membrane on
the capacity retention was more significant at high temper-
ature than room temperature (Fig. 4). This result indicates
that the ability to retain electrolyte solution in the cell is
more prominent at high temperature, because the coating

J. Nanosci. Nanotechnol. 13, 3705-3710, 2013
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Fig. 7. (a) Discharge capacities with cycle number and (b) rate capa-
bility of the lithium-ion cells prepared with polyethylene separator and
composite membranes, which are measured at 55 °C.

layer gelled by liquid electrolyte may prevent a lack or
leak of electrolyte solution during repeated cycling.

4. CONCLUSION

Nano-sized Al,O; particle and P(VdF-co-HFP) binder
were coated on both sides of polyethylene separator to
prepare a composite membrane. The composite mem-
branes exhibited enhanced thermal stability by retaining
stable dimensions at high temperature. Due to the high
hydrophilicity of the P(VdF-co-HFP) and high surface
area of nano-sized Al,O; particle, the composite mem-
branes encapsulated higher amounts of electrolyte solu-
tion, as compared to polyethylene separator. As a result,
the lithium-ion cell assembled with the composite mem-
brane containing 13 nm-sized Al,O; powder exhibited bet-
ter capacity retention than did the cell prepared with a
polyethylene separator. The use of composite the mem-
brane significantly enhanced the capacity retention at high
temperature, due to the effective gelation of liquid elec-
trolyte by coating layer, which prevents a lack or leak of
electrolyte solution during repeated cycling.
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