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PVDF porous matrix with controlled microstructure prepared by TIPS
process as polymer electrolyte for lithium ion battery
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Abstract

Poly(vinylidene fluoride) (PVDF) microporous matrix of polymer electrolyte for lithium ion battery was prepared via the thermally induced
phase separation (TIPS) process using diluent mixture of dibutyl phthalate (DBP) and di(2-ethylhexyl) phthalate (DEHP). Since this method has
only one parameter, namely the DBP/DEHP ratio in diluent mixture, the membrane microstructure is easily and conveniently controlled. With
the assistance of a pseudo-binary temperature-DBP ratio phase diagram of the PVDF-diluent mixture system, the membrane formation
mechanism for different microstructures of membranes was proposed. In addition to studying the different microstructures available in TIPS
process, the relationship between performance of membrane, electrochemical property of polymer electrolyte and final microstructure has
been investigated in this paper.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(vinylidene fluoride) has shown high potential to be used
as the polymer matrix of polymer electrolyte for applications in
rechargeable batteries [1e8]. The most recent research activity
in the field of PVDF gel electrolyte has shown that good results
can be obtained by the phase inversion technique [4e8]. It is
possible to obtain conductivity as high as 10�3 S/cm at room
temperature, while maintaining outstanding mechanical proper-
ties. Highly porous PVDF membranes have been extensively
prepared by Bellcore’s technology (air-casting of a polymer
solution) [4,5], modified Bellcore’s technology [6,7], and im-
mersion precipitation technology [8]. By using these methods,
it is able to obtain membranes with different structures, such
as ‘‘cell-like’’ structure, ‘‘finger-like’’ structure and ‘‘sponge-
like’’ structure. However, there are many complicated para-
meters to be controlled for obtaining the membranes with
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controlled structure in these methods. In the process of Bell-
core’s technology, the microstructure of membrane is controlled
by the evaporation condition and the interaction of polymere
solvent and solventenonsolvent. On the other hand,
conventional immersion precipitation technology is a more
complicated process due to the effects of temperature, the inter-
action of polymeresolvent and the exchange condition between
solvent and nonsolvent on the formation of membrane structure.

A few studies have been reported on preparation of PVDF mi-
croporous membrane via thermally induced phase separation
(TIPS) method [9e13]. The well-documented advantage of
TIPS method is the ease of control compared to conventional
casting process [14,15]. The TIPS process begins by dissolving
a polymer in a diluent at an elevated temperature. The solution is
then cast or extruded into the desired shape (flat sheet, hollow
fiber, etc.) and cooled to induce phase separation and polymer
solidification (crystallization or glass transition). The diluent
is extracted by solvent exchange and the extractant is usually
evaporated to yield a microporous structure. When thermal
energy is removed from a homogeneous polymerediluent
mixture, the TIPS can occur via solideliquid (SeL) or
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liquideliquid (LeL) phase separation depending on the poly-
merediluent interaction, the composition and the thermal driv-
ing force. In previous studies, only spherulitic structures of
PVDF membranes prepared by PVDF/single diluent systems
via TIPS process were obtained. In order to obtain various struc-
tures of membranes prepared via TIPS process, several modified
TIPS technologies were investigated, such as the thermally
assisted evaporative phase separation (TAEPS) [16] and the
combined use of thermally induced phase separation and
immersion precipitation [17]. Although novel membrane micro-
structures were created, these new processes had a large number
of parameters to control the membrane structures. Recently,
preparation of membrane by using diluent mixture via TIPS
process shows good results in controlling membrane structure.
The structures of membranes based on EVOH, PLGA, PE and
HDPE matrixes have been controlled systematically by using
diluent mixture to control the polymerediluent interaction
[18e21].

In this study, polymer electrolytes based on PVDF micropo-
rous matrix were prepared by phase inversion technique. PVDF
porous membranes were prepared along with diluent mixtures
(dibutyl phthalate (DBP)/di(2-ethylhexyl) phthalate (DEHP))
via the TIPS method. The objective of this study is to demon-
strate the effect of the interaction between diluent and polymer
on the structure of membrane, and to control the structure of
membrane systematically by varying the composition of diluent
mixture. The effects of membrane structure on the performance
of membrane and polymer electrolyte were also discussed.

2. Experimental

2.1. Materials

The PVDF (Mn¼ 5.73� 105, Mw/Mn¼ 1.7) used in the
study was provided by Solvay Solexis (1015). DBP and
DEHP, supplied by Guangdong Guanghua Chemical Regent
Co., Ltd and Shanghai Chemical Reagent Co., Ltd, respectively,
were used for preparing diluent mixtures without further purifi-
cation. Both DBP (b.p. 340 �C) and DEHP (b.p. 386 �C) have
boiling points much higher than the melting point of PVDF
(174 �C) and they are miscible with each other. Viscosity, den-
sity and Hansen solubility parameters for PVDF and diluents
are listed in Table 1.

2.2. Preparation of the PVDF/DBP/DEHP blend sample

Homogeneous diluent mixtures (DBP/DEHP) of known
concentration were prepared beforehand. Since PVDF hardly

Table 1

Viscosity, density and Hansen solubility parameters for PVDF and diluents

Substance Viscosity

(mPa s (20 oC))a
Density

(g/cm3)a
dd

(MPa1/2)a
dp

(MPa1/2)a
dh

(MPa1/2)a

DBP 163 1.045 17.8 8.6 4.1

DEHP 80 0.985 16.6 7 3.1

PVDF e 1.780 17.2 12.5 9.2

a Ref. [22].
dissolves in pure DEHP at higher temperature (240 �C), the
diluent mixtures with the ratio of DBP/DEHP over 28 wt/
72 wt, in which PVDF dissolves more quickly to form homo-
geneous solution at 240 �C, were chosen as the latent diluents
for this study. PVDF and the diluents were mixed at an ele-
vated temperature (240 �C) under nitrogen atmosphere for at
least 3 h in a glass vessel with a stirrer. Then the glass vessel
was quenched in liquid nitrogen to solidify the sample, and
broken open to obtain the solid polymerediluent sample.
Homogeneous solid samples of 30 wt% PVDF with diluent
mixtures of various DBP/DEHP ratios were prepared.

2.3. Determination of the phase diagram

The cloud point (Tcloud), crystallization temperature (Tc)
and melting temperature (Tm) were measured according to
the method reported by Matsuyama et al. [17]. The solid sam-
ple was placed between a pair of microscope cover slips and
a Teflon film with a circle opening in the center was inserted
between the cover slips to prevent diluent loss by evaporation.
The sample was heated on a hot stage (Linkam THMS600) to
240 �C at 10 �C/min and held for 1 min, then cooled to 40 �C
at a rate of 10 �C/min. Tcloud was determined visually by the
appearance of turbidity under an optical microscope (Nikon
eclipse E600 POL). A DSC (PerkineElmer DSC-7) was
used to determine the Tc and Tm. The solid sample was sealed
in an aluminum differential scanning calorimetry pan, melted
at 240 �C for 5 min to erase thermal history and cooled to
40 �C at 10 �C/min, and then heated to 240 �C at 10 �C/min
again. The onset temperatures of the exothermic peak during
the cooling and the endothermic peak during the heating
were taken as Tc and Tm, respectively.

2.4. Preparation of the porous membrane and polymer
electrolyte

Homogeneous polymerediluent samples were placed on
a stainless steel mould (Fig. 1). Vacuum silicone grease was
applied to the edge of the upper cover slip to prevent diluent
loss by evaporation. The samples were heated at 240 �C for
5 min on the heater and were pressed to films. And then the
mould containing the film was taken out to quench in the water
bath (25 �C) for 10 min. The diluent in the film was extracted
by immersing in ethanol for 24 h. The final membranes were
dried under vacuum at 50 �C for 24 h. These membranes
were named as M-d28, M-d29, M-d30, M-d32.5, M-d35,
M-d40, M-d50 and M-d100 according to the diluent mixture
used (28/72, 29/71, 30/70, 32.5/67.5, 35/65, 40/60, 50/50,
100/0 wt/wt DBP/DEHP, respectively). The thickness of the
membrane was adjusted by the mould to be 200� 2 mm as
shown in Fig. 1.

The membranes were activated in a glove box by immers-
ing in liquid electrolyte for 4 h to form polymer electrolytes.
The liquid electrolyte consists of a 1 M solution of LiPF6 in
a 1 wt/1 wt/1 wt dimethyl carbonate/ethyl methyl carbonate/
ethyl carbonate (DMC/EMC/EC) mixture. Conductivity of
this liquid electrolyte is 10.4� 10�3 S/cm.
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2.5. Characterization of the porous membrane

The dry membranes were freeze-fractured in liquid nitro-
gen and then sputter-coated (Hitachi� E1020) with gold.
The cross-sections and the surfaces of the membranes were
observed by a field-emitting SEM (Sirion-100, FEI Co.,
Netherlands).

The thermal stability and the crystallinity of PVDF mem-
brane were studied using differential scanning calorimeter
(DSC, PerkineElmer). The heating rate is 10 �C/min, the tem-
perature range is from 50 to 200 �C. The crystallinity of PVDF
membrane was calculated using the following equation:

Xc ¼ DHf=DH0
f � 100% ð1Þ

where Xc means the crystallintity of PVDF membrane, DHf

represents the fusion enthalpy of PVDF membrane. DHf
0 is

the fusion enthalpy of PVDF with 100% crystallinity which
was previously reported to be 104.7 J/g [23].

Mechanical strength of membrane was conducted using
an Instron testing machine (AG-1 electron pull equipment,
Japan). The tensile rate was 25 mm/min. The tested specimens
were 1 cm wide and 5 cm long.

The pore size distribution and porosity of membrane were
evaluated using a mercury injection apparatus (Auto Pore
IV9500, Micromeritics).

The liquid electrolyte uptake of membrane was calculated
by the following equation:

Electrolyte uptake¼
�

Wi�W0

Wi

�
� 100% ð2Þ

Where W0 is the mass of dry membrane, Wi is the weight of
polymer electrolyte after absorbing the liquid electrolyte.

2.6. Characterization of the polymer electrolyte

The ionic conductivity of the polymer electrolyte was mea-
sured with the AC complex impedance technique over the fre-
quency range from 0.1 Hz to 1 MHz, using a Solartron SI
1255B frequency response analyzer combined with an SI 1287

Fig. 1. Schematic diagram of hot-press apparatus for membrane preparation.
electrochemical interface. The polymer electrolytes for measur-
ing the ionic conductivity were sandwiched between two stain-
less steel (SS) blocking electrodes as described previously [24].
The constant potential is 10 mVand the temperature range is 0e
80 �C. Bulk resistance was obtained from measured AC imped-
ance. Ionic conductivity was calculated by the equation below:

sðionic conductivityÞ ¼ t=ðRbAÞ ð3Þ

where t is the thickness of polymer electrolyte, Rb, the bulk re-
sistance of polymer electrolyte, and A is the area of polymer
electrolyte.

The electrochemical stability window of the polymer elec-
trolyte was determined by linear sweep voltammetry on an SS
working electrode with lithium foil as the counter electrode,
the scanning rate was 5 mv/s.

3. Results and discussion

3.1. Phase diagram

As described in Section 2, the phase separation behavior of
PVDF/DBP/DEHP ternary systems was observed under optical
microscope. When the DBP/DEHP ratio increased in the dilu-
ent mixture, the type of phase separation changed from the
liquideliquid phase separation to solideliquid phase separa-
tion. Fig. 2 exhibits the changes in the morphology of blends
as the DBP/DEHP ratio increased from 30 wt/70 wt to 40 wt/
60 wt when the crystallization of PVDF in blend is completed.
When the DBP/DEHP ratio was 30 wt/70 wt in diluent mixture,
the observation revealed that liquid droplets started to nucleate
and grow and finally were fixed in the spherulites of PVDF dur-
ing cooling from 240 �C as shown in Fig. 2(a). On the other
hand, the system with 40 wt/60 wt showed no evidence for
LeL phase separation and only spherulite growth was observed
during the cooling as shown in Fig. 2(b).

The diagram of 30 wt% PVDF samples prepared with
several diluent mixtures of different DBP/DEHP ratios is
shown in Fig. 3. As seen in Fig. 3, Tcloud decreased signifi-
cantly with the increased DBP content in the diluent mixture,
while Tc and Tm decreased slowly. When the DBP/DEHP ratio
in diluent mixtures increased and reached 35 wt/65 wt, LeL
phase separation was no longer observed experimentally, and
only the polymer crystallization process was present.

The overall feature in Fig. 3 is analyzed in terms of the in-
teraction between PVDF and the diluent mixture and the vis-
cosity of systems. The estimated interaction parameter c*,
typically used to interpret the interaction between the polymer
and the diluent, was estimated from the difference of the
solubility parameters between the polymer and the diluent
using the following expression [25]:

c� ¼ Vm

RT

�
½dd1� dd2�2þ½dp1 � dp2�2þ½dh1 � dh2�2

�
ð4Þ

where Vm is the reference volume which is equal to the molar
volume of the specific repeating unit size of the polymer, dd

and dp are the dispersive and the polar term of the solubility
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Fig. 2. Microphotographs for the system with 30 wt/70 wt DBP/DEHP (a) and for the system with 40 wt/60 wt DBP/DEHP (b), cooled to 100 oC from 240 oC at

10 oC/min.
parameter, respectively. dh is the hydrogen-bonding contribution
to the solubility parameter, and 1 and 2 refer to the diluent and
the polymer. By assuming that Vm is the same for every system,
the interaction between PVDF and diluent for blends at a certain
temperature and the same polymer concentration may be com-
pared by molar excess free energy of mixing DGE [22]:

DGE ¼ ½dd1�dd2�2þ½dp1�dp2�2þ½dh1�dh2�2 ð5Þ

Smaller value of c* and DGE presents better interaction be-
tween PVDF and the diluent. Subsequently, the value of solu-
bility parameter for mixed diluent can be calculated by the
following expression:

di ¼ di1F1þ di2F2 ð6Þ

where F1 is the volume fraction of one diluent, F2 is the
volume fraction of another diluent and i represents d, p and
h. By combining Eqs. (2) and (3) with the values of parameters
for PVDF and diluent in Table 1, DGE can be determined as
a function of the DBP/DEHP ratio in diluent mixture. Plotting
DGE against the DBP/DEHP ratio in diluent mixture gave
a straight line, as shown in Fig. 4. Simultaneously, it was clear
that the value of DGE was decreasing proportionally with the
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increase of DBP/DEHP ratio in the diluent mixture, which ex-
pressed that the increase of DBP/DEHP ratio in diluent mix-
ture enhanced the interaction between polymer and diluent
mixture. As a result, the LeL phase separation happens before
the crystallization as shown in Fig. 2, owing to the poor inter-
action between polymer and diluent. As the interaction further
enhanced, there was no more LeL phase separation appearing
but only crystallization of polymer (SeL phase separation).
On the other hand, since DBP possesses higher viscosity
than that of DEHP as shown in Table 1, the viscosity of system
increased with the increase in DBP content. Higher viscosity
and stronger interaction between PVDF and the diluent mix-
ture lead to lower mobility of polymer segments and thus pre-
vented crystal nucleation and growth of PVDF as DBP content
increased. As a result, the system needed deeper degree of
super cooling to form the crystal nuclei of PVDF and the crys-
tallization temperature decreased as DBP content increased.

3.2. The microstructure of porous membranes

The evolution in the microstructure of the membrane pre-
pared via thermally induced phase separation process depends
on the thermodynamic factors and the kinetic factors [26].
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Fig. 5. SEM photographs of the cross-sections of 30 wt% PVDF membranes prepared via LeL phase separation. (a) M-d28, (b) M-d29, (c) M-d30, (d) M-d32.5.

The bars represent 20 mm (1) and 2 mm (2) scales.
When the interaction between polymer and diluent is poor, the
system must enter an unstable or a metastable region at the
early cooling stage and undergoes the liquideliquid phase sep-
aration. The phase separation proceeds through the nucleation
and growth in the metastable region, while the spinodal decom-
position occurs in the unstable region. After two phases,
namely rich-polymer phase and lean-polymer phase, appear at
the early stage of the microstructure development, the system
will continue to evolve in response to its tendency to reduce
the surface energy associated with interfacial area. The so-
called coarsening process often results in the reduction in the
number of droplets and an increase in their droplet size [27].
When the interaction between polymer and diluent is enhanced,
the LeL phase separation shifts below the SeL phase, as was
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Fig. 6. SEM photographs of the surfaces of 30 wt% PVDF membranes prepared via LeL phase separation. (a) M-d28, (b) M-d29, (c) M-d30, (d) M-d32.5. The bars

represent 10 mm scale.
predicted by Burghardt [28], and cannot be observed before
crystallization. And only the crystal structure can be observed
and controlled by varying cooling rate, polymer concentration
and the interaction between polymer and diluent [29].
For the conditions where the liquideliquid phase separation
was observed before crystallization, the effect of DBP/DEHP
ratio in diluent mixture on cross-sectional structures of mem-
branes is shown in Fig. 5. Although the DBP ratio in diluent
Fig. 7. SEM photographs of the cross-sections of 30 wt% PVDF membranes prepared via SeL phase separation. (a) M-d35, (b) M-d40, (c) M-d50, (d) M-d100.

The bars represent 10 mm scale.
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Fig. 8. SEM photographs of the surface of 30 wt% PVDF membranes prepared via SeL phase separation. (a) M-d35, (b) M-d40, (c) M-d50, (d) M-d100. The bars

represent 10 mm scale.
mixture increased only slightly, four different microstructures
were observed. Well connected leaf-like pores were obtained
in M-d28, but larger pores were also observed as shown in
Fig. 5(a). As the DBP/DEHP ratio increased to 30 wt/70 wt
in diluent mixture, the corresponding membrane had a uniform
sponge-like microstructure without larger pores as shown in
Fig. 5(c). Although the LeL phase separation appeared in
the cooling process for these samples, the structure of cellular
pores, which is typical structure of membrane for system with
LeL phase separation [30], was not obtained in the cross-
section of membrane. Since the homogeneous mixture is
quenched to the room temperature when the porous membrane
is produced via TIPS process, phase separation directly enters
the unstable region and proceeds through spinodal decomposi-
tion. Also the coarsening process is negligible at this condi-
tion. Thus the temperature gap between liquideliquid phase
separation temperature and the crystallization temperature of
the polymer plays an important role in determining the micro-
structure of the porous membrane. As shown in Fig. 3, the
cloud point of the sample with 28 wt/72 wt DBP/DEHP was
higher than that of the sample with 30 wt/70 wt DBP/DEHP,
while the crystallization temperatures of these two samples
were almost the same. When the cooling condition was the
same, the sample with 28 wt/72 wt DBP/DEHP had more
time for LeL phase separation than that with 30 wt/70 wt
DBP/DEHP. As a result, the volume fraction of lean-polymer
phase was larger for the sample with 28 wt/72 wt DBP/DEHP,
leading to the structure with larger pores. On the other hand,
the cloud point of the sample with 32.5 wt/72.5 wt DBP/
DEHP was close to its crystallization temperature as shown
in Fig. 3. The LeL phase separation did not have enough
time to complete before the crystallization of PVDF started
to take place. A spherulitic structure was observed as shown
in Fig. 5(d). Fig. 6 shows the surface structure of membranes
for these four samples. Small uniform pores were obtained in
M-d30 relative to other membranes.

The effect of DBP/DEHP ratio in diluent mixture on cross-
sectional structures of membranes where only crystallization
is observed is shown in Fig. 7. The cross-sectional structures
of membranes entirely presented spherulitic structure. The
spherulites become bigger and more perfect as the DBP/
DEHP ratio increased in diluent mixture as shown in Fig. 7. In
the case of these systems with only SeL phase separation, the
viscosity of system and the interaction between polymer and dil-
uent played two critical roles in the formation of membrane mor-
phology. The system with higher DBP/DEHP ratio presented
higher viscosity and stronger interaction between PVDF and dil-
uent, which prevented the nucleation activity of PVDF and led to
the formation of few primary nuclei at the beginning of crystal-
lization. In the systems with the same polymer concentration,
less primary nuclei had more polymer molecules to grow up.
Fig. 8 shows the surface structures of membranes for these sam-
ples. Bigger pores, namely the space between spherulites, were
presented as the DBP/DEHP ratio increased in diluent mixture.

3.3. The thermal and crystalline properties of porous
membranes

Due to the structural difference, the DBP/DEHP ratio in dil-
uent mixture also affects the thermal and crystalline properties
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of the porous membranes. Fig. 9(a) and (b) shows the DSC ther-
mograms for PVDF porous membranes when the DBP/DEHP
ratio in diluent mixture was changed. In the case of LeL phase
separation observed, the melting curves of membranes reveal
the presence of a ‘‘low melting endotherm’’ and a ‘‘high melting
endotherm’’ as shown in Fig. 9(a). The low melting endotherm is
enhanced when the sperulitic structure is presented in the M-
d32.5 membrane. In the case where the SeL phase separation
was observed, the low melting endotherm decreased in magni-
tude and shifted toward lower temperature as the DBP/DEHP ra-
tio increased in diluent mixture, while the location of the high
melting endotherm remained unaffected as shown in Fig. 9(b).
The presence of the low melting endotherm was attributed to
the secondary crystallization of PVDF. Secondary crystalliza-
tion as a source of structural evolution has been extensively in-
vestigated by Marand and co-workers [31e33] on a variety of
polymers including ethylene/octene copolymer, PEEK and poly-
carbonate. When the membranes presented only spherulitic
structure, the existence of a secondary crystallization of PVDF
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Fig. 9. DSC diagrams of the melting curves of the PVDF membranes via LeL

phase separation (a) and SeL phase separation (b). Cooling rate: 10 oC/min.
was caused by the spherulite impingement and perfection of
the internal spherulite crystallization in the later stage of crystal-
lization process.

The fusion enthalpy and crystallinity of PVDF membranes
prepared by different diluent mixture are summarized in Table
2. It was noticed that the PVDF membranes owning a spheru-
litic structure had higher crystallinity relative to other mem-
branes. It can be explained that the PVDF molecules in the
polymer-lean phase appearing in the process of LeL phase
separation contributed to the formation of the amorphous phase
of membrane.

3.4. The mechanical properties of porous membranes

Stressestrain measurements have been undertaken on dry
PVDF porous membranes. Fig. 10(a) and (b) describes the

Table 2

The fusion enthalpy and crystallinity of PVDF membranes prepared with

different diluent mixtures

Number M-d28 M-d29 M-d30 M-d32.5 M-d35 M-d40 M-d50 M-d100

DHf (J/g) 40.4 48.1 47.9 57.8 54.9 56.4 60.6 56.7

Xc (%) 38.6 45.9 45.8 55.2 52.5 53.9 57.9 54.2
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Table 3

Some mechanical properties of PVDF membranes prepared with different diluent mixtures

Number M-d28 M-d29 M-d30 M-d32.5 M-d35 M-d40 M-d50 M-d100

Modulus (MPa) 21.13 34.63 62.08 52.71 62.72 58.05 53.26 42.03

Stress (MPa) 0.71 0.88 1.21 1.16 1.38 1.22 1.10 0.62

Strain (%) 14.27 18.77 14.40 17.48 19.26 25.28 21.07 11.17
stressestrain results of the membranes prepared by different
diluent mixtures. Specific values of the mechanical properties
of membranes are summarized in Table 3. It is found that both
M-d30 and M-d35 membranes possess higher breaking stress
(1.21 and 1.38 MPa) and elastic modulus (62.08 and
62.72 MPa) relative to other membranes. It is well known
that the crystallinity and the microstructure of membranes
play two important roles on the mechanical properties of
membranes. As shown in Table 2, the crystallinity of M-d30
and M-d35 membranes was not the highest among all mem-
branes. In other word, the higher mechanical properties of
these two membranes were due to the uniform sponge-like mi-
crostructure formed via LeL phase separation for M-d30 and
the closer spherulites structure formed via SeL phase separa-
tion for M-d35.

3.5. The liquid electrolyte uptake of porous membranes

The liquid electrolyte uptake of membrane was defined as
the weight ratio of the liquid electrolyte solution to the dry
membrane. The behavior of liquid electrolyte uptake and
porosity with different PVDF membranes is presented in
Fig. 11. The porosity of the membranes prepared by different
diluent mixtures ranged from 61.5 to 69.9%. Usually, a larger
porosity leads to higher liquid electrolyte uptake of the mem-
brane [34]. However, the change of liquid electrolyte uptake
did not correlate with porosity as shown in Fig. 11. The poro-
sity was found to be higher for M-d50 than for M-d28, but the
liquid electrolyte uptake was lower for M-d50 than for M-d28.
This can be due to the fact that the crystallinity of M-d50 is
lower than that of M-d28, as shown in Table 2. So, it seems
that the uptake of the liquid electrolyte does not depend
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only on the porosity of membrane but also on the crystallinity
of membrane. The same result was found in the comparison of
porosity and liquid electrolyte uptake between M-d30 and M-
d32.5. Saito and co-workers [6] proposed that the liquid elec-
trolyte uptake was governed by two processes. First, the liquid
electrolyte filled the pores of the membrane from outside.
Then, the liquid electrolyte swelled into the polymer amor-
phous phase to form a swollen gel. In this study, the porosity
of membranes ranged in a small scale. The swelling contribu-
tion to the overall liquid electrolyte uptake that increased with
the increase of the amorphous polymer phase in membrane
became apparent.
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3.6. The electrochemical properties of polymer
electrolyte

The AC impedance plots at ambient temperature for four
polymer electrolytes based on the membranes of different
microstructures, as the leaf-like for M-d28, sponge-like for
M-d30, small spherulites for M-d50 and big spherulites for
M-d100, are shown in Fig. 12. The bulk resistance (Rb) was
measured from the high frequency intercept on the real axis.
Fig. 13 shows the ionic conductivities obtained from AC im-
pedance spectrums for these polymer electrolytes at various
temperatures. Most of the polymer electrolytes presented am-
bient temperature conductivities of greater than 10�3 S/cm.
The ionic conductivities for the polymer electrolytes based
on M-d28 and M-d50 were higher than that for the polymer
electrolytes based on M-d30 and M-d100 at various tempera-
tures, which accorded with the higher electrolyte uptake of
M-d28 and M-d50.

Generally, ion conductivity is governed by the content of
carrier ions and their mobility. A mechanism for the ionic con-
duction in the polymer electrolytes along two conduction
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Fig. 14. Pore size distribution for the membranes prepared via LeL phase

separation (a) and SeL phase separation (b).
paths has been postulated [35e37]. Two conduction paths
consist of a swollen polymer phase of lower conductivity
and a liquid electrolyte phase of higher ionic conductivity.
The liquid electrolyte phase, which fills the pore of the mem-
brane, can be regarded as a major conducting channel. The
polymer electrolytes prepared with M-d28 and M-d50 exhibit
higher ionic conductivities, which can be well explained by
this two-phase model. The pore size distributions measured
by the mercury intrusion method are reported in Fig. 14 for
M-d28, M-d30, M-d50 and M-d100. Higher porosities for
M-d28 and M-d50 relative to M-d30 and M-d100 were ob-
served in Fig. 14. On the other hand, for M-d28 and M-d50,
pores larger than 1 mm in a wide pore size distribution are ob-
served while for M-d30, a peak around 0.45 mm in a narrow
pore size distribution is observed. The increase of porosity
and pore size for M-d28 and M-d50 leads to the increase of
the liquid electrolyte phase in pores which enhanced the
conductivity of polymer electrolyte accordingly.
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Fig. 15 illustrates the time dependence of the ionic conduc-
tivity for two polymer electrolytes based on M-d30 and
M-d50. It can clearly be seen that the conductivity for the
polymer electrolyte based on M-d30 decreases more slowly
with time than that for the polymer electrolyte based on
M-d50. The difference in the ionic conduction behavior with
time is believed to be due to the change of the quantity of elec-
trolyte in the membrane, which results from liquid electrolyte
leakage. Since the crystallinity of M-d30 was relatively low,
more liquid electrolytes swelled in the amorphous phase which
contributed to retain electrolytes. On the other hand, it is also
due to the differences in the pore dimensions. In the M-d30, in
fact, the pores are relatively small and a ‘‘good’’ spatial con-
tinuity exists between the pores; therefore, it is reasonable to
imagine that the swelling of the amorphous phase will take
place facilely. In contrast, the spaces between spherulites of
M-d50 are larger and the contact between amorphous phase
and liquid electrolyte is worse which slackens the swelling
process.

The electrochemical stability of the polymer electrolyte
based on M-d30 was evaluated by linear sweep voltammetry
as shown in Fig. 16. As one can see, no decomposition of
any component takes place below 4.5 V (vs Liþ/Li), which
is acceptable for high voltage cathode materials.

4. Conclusions

Preparation of PVDF porous membrane via the thermally
induced phase separation TIPS process using diluent mixtures
of DBP and DEHP, a method to fabricate the microporous
matrix of polymer electrolyte for lithium ion battery, has
been shown to easily produce membranes with various micro-
structures by only varying the DBP/DEHP ratio in diluent
mixture. With the assistance of phase diagram, the effects of
the DBP/DEHP ratio in diluent mixture on the microstructure
of membrane were investigated. The phase behaviors of a ter-
nary mixture of PVDF/DBP/DEHP were determined to control
systematically LeL phase separation and SeL phase separa-
tion by changing the DBP/DEHP ratio in diluent mixture. In
the case of LeL phase separation, the evolution of membrane
microstructures, ranging in well connected leaf-like, uniform
sponge-like and spherulitic microstructures, was due to the
temperature gap between liquideliquid phase separation tem-
perature and crystallization temperature. On the other hand,
the microstructures of membranes prepared via SeL phase
separation showed only spherulitic structures and the size of
spherulites increased with the increase in DBP/DEHP ratio.
The relationship between the performance of membrane, the
electrochemical property of polymer electrolyte and the final
microstructure was also investigated. It was found that the
membrane with uniform sponge-like microstructure possessed
higher elastic modulus and stress than most membranes and
the polymer electrolyte prepared from that had an ambient
temperature conductivity of 1.3� 10�3 S/cm. Also this poly-
mer electrolyte exhibited a good reservation of liquid electro-
lyte and a wide electrochemical stability up to 4.5 V vs Liþ/Li.
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