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ABSTRACT: A special “pore/bead” membrane was prepared with a mesoporous inorganic filler (MCM-41) and a P(VDE-HFP) binder.
The special “pore/bead” structure of the MCM-41 filler not only enhanced the puncture strength of the membrane but also improved
its ionic conductivity. The puncture strength of the dried “pore/bead” membrane (MCM-41 : P(VDF-HFP) = 1 : 1.5) was 18 N, and
showed a slight decrease (16 N) after the membrane was wetted by liquid electrolyte. Additionally, the composite membrane showed
excellent thermal dimensional stability. The composite membrane could be activated by adding 1M LiClO4-EC/DMC (1 : 1 by vol-

ume). The activated membrane displayed a high ionic conductivity about 3.4 x 107> S cm™"

at room temperature. Its electrochemi-
cal stability window was up to 5.3 V vs. Li/Li", indicating that it was very suitable for lithium-ion battery application. The battery
assembled using the composite electrolyte also showed reasonably good high-rate performance. The approach of preparing a “pore/

bead” membrane provides a new avenue for improving both the conductivity and the mechanical strength of polymer electrolytes for

lithium batteries. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Commercialized lithium-ion batteries, consisting of graphite-
based anodes, LiCoO,-based cathodes, and organic solvent elec-
trolytes, have several advantages, such as a high operating volt-
age, a high energy density and relatively good cycle durability.
However, the use of a flammable and easily leaking liquid elec-
trolyte is unavoidable in the present lithium ion batteries. In
the past few years, rechargeable lithium ion batteries using poly-
mer electrolyte separators have been known as preferred power
source for various applications because of their high energy
density, long cycle life, and memory-free effect.”> The properties
of polymer electrolyte significantly affect the performance and
safety of lithium ion battery. For Li-ion batteries to have good
rate capability, the gelled polymer electrolyte (GPE) is required
to imbibe a significant amount of liquid. However, this
adversely affects the mechanical strength of the GPE separator.
The safety requirement is a top priority for rechargeable lithium
ion batteries, especially those used in hybrid electric vehicles
and power tools.

GPEs that meet the conductivity requirement for general-pur-

pose batteries (107> S/cm at room temperature) typically have
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low inherent dimensional stability and mechanical strength due
to the large amount of liquid electrolyte absorbed. In the past
10-20 years, various efforts have therefore been put on develop-
ing processable GPEs with good conductivity, mechanical
strength, and thermal stability. For example, ceramic fillers,
such as TiO,, SiO,, AlLO; MgO, ZrO,, clay, and, CNT are
doped in GPEs.”® Another method is to use dual phase poly-
mer electrolytes which are composed of one phase adapted to
absorb liquid electrolyte and the other phase which is stronger,
tougher, and substantially inert against liquid electrolytes.”!
The absorbing phase functions as a tunnel for ion transport and
the inert phase can support the electrolyte membrane. Cross-
linking approach has also been applied to enhance the dimen-
sional stability of GPEs.'? Despite the significant improvement
achieved, the presence of liquid electrolyte in GPEs inevitably
brings side-effects to their dimensional stability and mechanical
strength. These disadvantages limit their commercial application
especially in large-sized batteries.

In porous polymer electrolytes, high porosity and intercon-
nected pore structure are necessary to enable the membrane
with high ionic conductivity.”>'® However, there are many
locally “open” areas in porous polymer electrolytes which may
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Scheme 1. The process of preparing “pore/bead” membrane. [Color
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result in short-circuit through the membrane. Furthermore, it
will increase the difficulty on battery assembly due to their low
puncture strength. To solve these problems, Degussa developed
a series of Separion (trademark) membrane by coating a porous
ceramic layer onto both sides of the non-woven PET substrate.'”
Remarkable improvements on the battery safety have been dem-
onstrated from using these membranes on a series of abuse
tests. However, the cost is very high due to their complicated
manufacturing process.

In this report, we firstly reported a facile approach to the prepa-
ration of “pore/bead” membranes (illustrated in Scheme 1). The
bead had three functions: (1) forming pore; (2) soaking liquid
electrolyte; (3) improving mechanical strength. In this work,
mesoporous silica was chosen as the bead and poly(vinylidene
fluoride-hexafluoropropylene) [P(VDF-HFP)] as the binder.
The preparation and characterization of the composite mem-
brane were discussed. The prepared membranes could be acti-
vated by using 1M LiClO4-EC/DMC (1 : 1 by volume) electro-
lyte. The electrochemical properties of the composite electrolyte
were also studied. Preliminary results showed that the gel poly-
mer electrolyte could be used for scale-up lithium ion battery.
The GPEs prepared by using mesoporous filler and binder pro-
vided a new method for further improving both the conductiv-
ity and mechanical strength of GPEs.

EXPERIMENTAL

Materials

P(VDEF-HFP) (Kynar Flex 2751) was purchased from EIf Ato-
chem. Its melt volume-flow rate is 1.9 cm®/10 min, and its den-
sity is 1.78 kg/m’. Mesoporous silica (MCM-41) was kindly
provided by Toray Corporation. The other reagents were local
commercial products and used without further purification.

Preparation of “Pore/Bead” Membrane

The Scheme 1 showed the preparation of “pore/bead” mem-
brane. MCM-41 was dispersed in N-methyl-2-pyrrolidone
(NMP) (MCM-41 : NMP = 1 : 4 in weight ratio), and followed
by adding a certain amount of P(VDF-HFP) solution (15 wt %,
THF as solvent) into the mixture prepared earlier by stirring.
The obtained homogenized suspension was cast on Teflon plate.
When the THF was evaporated in a dry atmosphere and the
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figure can be viewed in the online issue, which is available at

membrane took shape, the resulting membrane was heated in a
vacuum oven at 100°C to remove NMP and form the “pore/
bead” membrane (~ 40 um in thickness).

Field Emission Scanning Electron Microscope Analysis

Field emission scanning electron microscope (FESEM) images of
the membrane surface were observed on JEOL JSM 7401F with
gold-sputtered-coated films at an activation voltage of 5 kV.

Brunauer—-Emmett-Teller Analysis

The pore parameters and surface area of the samples were meas-
ured using at 77 K using Micromeritics ASAP 2010 M+C nitro-
gen adsorption apparatus. Prior to the measurement, the sam-
ples were degassed at a temperature of 120°C for approximately
4 hr. The nitrogen adsorption/desorption data were recorded at
77 K. The specific surface area was calculated using the Bruna-
uer—Emmett-Teller (BET) equation. The BET method is widely
used in surface science for the calculation of surface areas of
solids by physical adsorption of gas molecules. The BET equa-
tion is as follows:

@

V[(PO/}’) —1 - Cv;cl <Pﬂ> - L

P and P, are the equilibrium and the saturation pressure of
adsorbates at the temperature of adsorption, v is the adsorbed
gas quantity, and v,, is the monolayer adsorbed gas quantity.
c is the BET constant. The pore size distribution was deter-
mined by the Barrett—Joyner—Halenda (BJH) method.

Puncture Strength Measurement

The puncture strength of the membrane was determined by
using a needle (a 0.8-mm-diameter ball) to penetrate the mem-
brane. Dynamometer (TA-108S) was used to measure the force
with a test speed of 1 mm/s.

Thermal Shrinkage Measurement
The thermal shrinkage was determined as follows:
thermalshrinkage(%) = (Do — D)/Dy (2)

where D, and D represented the diameter of the membrane
before and after heat, respectively.
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Figure 1. BJH pore size distribution of MCM-41.

Liquid Uptake Measurement
The uptake amount of liquid electrolyte was determined as fol-
lows:

uptake(%) = (M — My) /M, 3)

where M, and M represented the weight of the samples before
and after immersion in liquid electrolyte, respectively.

Ionic Conductivity Measurement

The composite electrolyte was sandwiched between two stainless
steel blocking electrodes. The ionic conductivities of the poly-
mer electrolytes were obtained from the bulk resistance (R;)
measured by AC complex impedance analysis using a Solatron
1287 frequency response analyzer over a frequency range of

10 Hz—1 MHz at amplitude of 5 mV. The ionic conductivity
(o) of polymer electrolyte was determined as follows:

o =t/(RpyA) 4)

where t is the thickness of the membrane and A is the surface
area of the membrane.

Electrochemical Stability Window Measurement

The electrochemical stability of the composite electrolyte
(immersing the dry “pore/bead” membrane into a 1.0M LiClO,-
EC/DMC (1 : 1 by volume) solution at room temperature for 1
hr) was evaluated by sweep voltammetry at 25°C. Discs of the
composite electrolyte were sandwiched between a lithium metal
counter electrode and a stainless steel working electrode (having
a 10 mm diameter) and, then, placed inside a Teflon cell holder.
A sweeping voltage (1 mV/s) was applied to the cell starting
from the open circuit voltage. When the composite electrolyte
decomposition took place a large current passed through the
cell. The decomposition voltage was evaluated as the onset of
the current increase on the voltage/current plots. The measure-
ment was carried out by using a Solartron Electrochemical
Interface 1287.

Electrochemical Property Measurement

Anode was prepared by coating the slurry of mesocarbon
microbead (90%), PVDF binder (7%), and acetylene black (3%)
onto a copper foil with a doctor blade. The cathode slurry con-
taining the same PVDF binder (6%) and acetylene black (4%)
along with LiCoO, (90%) cathode material was cast on alumi-
num foil. The thickness of the electrodes ranged from 60 to

Figure 2. FESEM images of the “pore/bead” membranes.
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Figure 3. BJH pore size distribution of the “pore/bead” membrane
[MCM-41 : P(VDF-HFP) =1 : 1.5).

80 um. The coated electrodes were dried under vacuum at
120°C for 8 hr. The coin cells were assembled by sandwiching
the composite electrolyte between anode and cathode in an ar-
gon-filled glove box. Charge—discharge performance of the coin
cells was characterized on a battery testing system (RF-T, Roofer
Group Company, China) between 2.5 and 4.2 V. In rate prop-
erty test, the cell was charged at C/10 rate to 4.2 V and then
discharged at different current densities to 2.5 V.

RESULTS AND DISCUSSION

Morphology of “Pore/Bead” Membrane

Mesoporous material played an important role on enhancement
of ionic conductivity by caging ion conductor into its intercon-
nective ordered channels. MCM-41 was a kind of mesoporous
silica with BET-specific surface area of 1030 m? g~' and an av-
erage diameter of 2.6 nm (as shown in Figure 1). When NMP
was added into MCM-41, the inter-connective channels in
MCM-41 would be filled by NMP. It could decrease the binder
solution penetration, thus lowered the possibility of blocking
ion channels. On the other hand, during the process of heating
the resulting membrane (after removing THF) in a vacuum
oven at 100°C, large quantity pores were formed after the evap-
oration of NMP solvent, resulting in the desired “pore/bead”
structure. These were confirmed in Figure 2(b). The porosity
increased with the increase of MCM-41. However, when the
weight ratio of MCM-41 and P(VDF-HFP) reached 1, the
binder became the dispersed phase [Figure 2(d)] and the
obtained membrane was very fragile.

The BJH pore size distribution of the prepared membrane
[MCM-41 : P(VDF-HFP) =1 : 1.5] was displayed in Figure 3.
Besides the pore size of MCM-41, a new peak in 3.6 nm
appeared. It probably represented a new pore forming at the
process of removing NMP. Meanwhile, there were many large
pores which could not be measured in this method. The BET-
specific surface area of the as prepared membrane was 466 m’
g ', and the large specific surface area was very helpful to

absorb liquid electrolyte.

Mechanical Properties of “Pore/Bead” Membrane
The polymer electrolyte used in battery required high punc-
ture strength to avoid penetration of electrode material
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through it. If articulate material from the electrodes pene-
trated the electrolyte, it would result in an electrical short
circuit. The puncture strength of “pore/bead” membrane
[MCM-41 : P(VDF-HFP) =1 : 1.5] was 18 N, which was
higher than commercialized Celgard 2500 separator (14 N).
Only a slight decrease in puncture strength (16 N) took
place when the membrane absorbed liquid electrolyte. The
puncture resistance was high enough for the GPE membrane
to be used as separators in Li-ion batteries. These results
demonstrated MCM-41 in the pore provided exceptional
puncture strength.

Thermal shrinkage or melting was very dangerous in battery,
because it would result in physical contact between anode and
cathode. So, membrane thermal shrinkage was a key index to
lithium ion battery, especially for large-size lithium ion bat-
tery.>'® When Celgard 2500 separator was treated at 90°C for
60 min, the shrinkage was 5%, but it shrank as much as 10%
when exposed at 120°C only for 10 min. Nevertheless, a negligi-
ble shrinkage was found in the “pore/bead” membrane at 120°C
even for 60 min. The outstanding dimensional stability was very
helpful in improving battery safety.

Liquid Uptake and Ionic Conductivity

Figure 4 showed the uptake of liquid electrolyte [LiClO4-EC/
DMC (1 : 1 by volume)] for “pore/bead” membrane [MCM-41 :
P(VDF-HFP) = 1 : 1.5] as the function of soaking time. In the
“pore/bead” membrane, the liquid electrolyte uptake process
was very fast and the maximum amount of electrolyte pene-
trated into the membrane within a few seconds. These were due
to the facts that high specific surface area and high hydrophilic-
ity of MCM-41 bead exhibited excellent wettability with liquid
electrolyte.'” Meanwhile, both the pore and the bead in the
membrane could soak liquid electrolyte, the maximum liquid
uptake reached as high as 150%.

Figure 5 showed the variable temperature conductivity of acti-
vated “pore/bead” membrane [MCM-41 : P(VDF-HFP) =1 : 1.5]

/'——'_'
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Figure 4. The liquid electrolyte uptake of the “pore/bead” membrane
[MCM-41 : P(VDF-HFP) =1 : 1.5] as the function soaking time, 25°C.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 5. Arrhenius plots of ionic conductivity for the “pore/bead” mem-
brane [MCM-41 : P(VDF-HFP) =1 : 1.5] and Celgard 2500 separator
containingl M LiClO,/EC-DMC (1 : 1 vol %). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

and Celgard 2500 membrane. The ionic conductivity increased
with increasing temperature. The room-temperature ionic con-
ductivity of “pore/bead” membrane was 3.4 x 107> S cm™ ..
Even at —20°C, the conductivity was still greater than 1.0 X
107> S cm™ . The ionic conductivity was high enough for practi-
cal applications in lithium ion battery. The room-temperature
ionic conductivity of Celgard 2500 membrane was closed to 1.0
x 107> S cm™"' and the low temperature ionic conductivity
(—20°C) decreased to 2.6 x 107* S cm™'. The high conductivity
of “pore/bead” membrane was probably related to the high liquid
uptake and inter-connective ion channels both in the pore and in
the bead. On the other hand, the filler/salt interaction played an
important role in enhancement of ionic conductivity.”**!

Electrochemical Properties

For determining the electrochemical stability window of the
“pore/bead” composite electrolyte, a linear sweep voltammetry
experiment was performed in the potential range of 0.0-6.0 V
(versus Li/Li") with a scan rate of 5 mV s~ ' Figure 6 showed
the electrochemical stability window of the composite electrolyte
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Figure 6. Electrochemical stability window of the composite electrolyte
[MCM-41 : P(VDEF-HFP) =1 : 1.5) by linear sweep voltammogram.
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Figure 7. Discharge capacities of LiCoO,-MCMB coin cells containing
activated “pore/bead” membrane [MCM-41 : P(VDF-HFP) = 1 : 1.5) at
different C-rates. 2.5-4.2 V, 25°C. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

[MCM-41 : P(VDF-HFP) = 1 : 1.5]. The onset current flow
was associated with the decomposition voltage of the electrolyte.
It was found that the oxidation occurred (current flow increased
rapidly) at potentials higher than 5.3 V. So, the composite elec-

trolyte was very suitable for lithium-ion battery applications.

To evaluate the electrochemical performance of lithium ion bat-
tery using the composite electrolyte, MCMB/composite electro-
lyte/LiCoQ, battery was assembled. The discharge curves of the
battery at various discharging rate were shown in Figure 7. The
figure revealed that the battery at 0.1C rate could achieve a
good capacity of 113.9 mA h g '. With the increase of current
rate, both the voltage and the capacity were found to be gradu-
ally decreased. At 1.0 C discharge rate, the capacity decreased to
103.2 mA h g~ '. The decline in capacity might come from the
lost of interfacial contact between electrodes and the composite
electrolyte upon cycling, which gradually increased the internal
resist of the cell. Further study about the capacity decline was
under way. The voltage drops in passing from the charge to dis-
charge increased with the discharge rate, reflecting a large polar-
ization that reduced the discharge capacity. However, the tested
battery still retained ~ 90% of discharge capacity at 1.0 C rate,
as compared with that at 0.1 C rate.

CONCLUSIONS

The introduction of pore and bead into a composite membrane
was a novel approach to achieve excellent comprehensive proper-
ties electrolyte. The special “pore/bead” structure made from
MCM-41 bead not only enhanced membrane puncture strength
but also improved its ionic conductivity. The “pore/bead” mem-
brane showed higher puncture strength, excellent thermal dimen-
sional stability, and high ionic conductivity. Its electrochemical
stability window was stable up to 5.3 V, which was very suitable
for lithium-ion battery application. The battery assembled by the
composite electrolyte showed reasonably good high-rate perform-
ance. Preliminary results showed that it was promising as poly-
mer electrolytes for scale-up lithium ion battery.
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