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ABSTRACT: This article describes a comparative study of
poly(vinylidene fluoride-co-hexafluoropropylene)–polyacrylo-
nitrile-based plain gel polymer blend electrolytes and micro-
porous gel polymer blend electrolytes. Scanning electron
microscopy, differential scanning calorimetry, alternating-
current impedance, chronoamperometry, and dielectric spec-
troscopy studies were carried out. The microporous gel
polymer blend electrolytes enhanced the ionic conductivity,
lithium transference number, and dielectric permittivity, and
this could be attributed to a higher uptake of the electrolyte
solution (an increase in the number of charge carriers) by

the porous structure. The temperature dependence of the
ionic conductivity of the polymer electrolyte followed an
Arrhenius relationship. An LSV experiment was carried out
to investigate the electrochemical stability in the polymer
electrolyte. Finally, charge–discharge studies of lithium-ion
cells made from the coupling of gel polymer blend electro-
lytes (plain and microporous) with LiMg0.10Mn1.90O4 as a
cathode and carbon as an anode were conducted. � 2007
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INTRODUCTION

Solid-state lithium-ion polymer batteries may be one
of the best choices for electrochemical power sources
of the future, being characterized by high energy
density, low weight, reliability, safety, and excellent
cycle performance.1–3 For instance, in 1997 alone,
worldwide sales of rechargeable lithium-ion polymer
batteries exceeded 1.6 billion dollars.4 Because of
government mandates for electric vehicles and the
ever-increasing demand for portable power sources,
the production of rechargeable lithium-ion batteries
is expected to grow more than 20% per year.5,6 How-
ever, several factors in lithium-ion batteries, espe-
cially in the electrolyte, have limited commercial
usage. Most lithium-ion batteries use a liquid elec-
trolyte, which requires the use of a microporous
polymer electrolyte to separate the electrodes.7–9

These microporous polymer electrolytes must possess
electrochemical properties comparable to liquid elec-
trolytes, such as a high ionic conductivity and lith-
ium transference number. The technological impact of

developing an electrolyte that improves the ionic
conductivity and mechanical strength is significant.
Usually, good mechanical stability and high ionic con-
ductivity for a polymer electrolyte exhibit a contradic-
tory relationship: the higher the ionic conductivity is
of a polymer electrolyte film, the lower its mechanical
stability is. Until now, for all solid-state lithium bat-
teries, poly(vinylidene fluoride-co-hexafluoropropy-
lene) (PVdF-co-HFP) has been considered one of the
most promising candidates because of its favorable
ionic conductivity, good mechanical strength, and
acceptable cost.10–12 At an ambient temperature, the
PVdF-co-HFP polymer electrolyte exhibits acceptable
mechanical strength. However, the PVdF-co-HFP poly-
mer electrolyte shows practical ionic conductivity only
at temperatures higher than the melting point, and at
such high temperatures, it exists in a quasiliquid state
and becomes very flexible and therefore shows very
poor mechanical strength. A weak polymer electrolyte
film easily causes a short circuit between a cathode
and an anode when it is applied to all solid-state
lithium-ion batteries. Therefore, it is still an attractive
research topic to develop mechanically stable polymer
electrolytes with high ionic conductivity, especially at
room temperature.

Many kinds of polymers, such as polyacrylonitrile
(PAN) and poly(methyl methacrylate), have been
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used as a second phase for polymer electrolytes to
obtain gel polymer blend electrolytes.13,14 The addi-
tion of a second-phase polymer has been proved to
be an effective approach to improve the overall per-
formance of polymer blend electrolytes because
polymer blend electrolytes exhibit fully amorphous
features and show favorable ionic conductivity and
good mechanical strength at ambient temperatures.

Generally, various techniques such as the tem-
plate-imprinting technique (sol–gel processing)15 and
immersion precipitation technique16,17 have been
used to prepare microporous polymer membranes.
The drawback of a microporous polymer film pre-
pared with this technique is a smaller pore volume
and pore size (ca. 30 nm). However, these methods
are inconvenient because they increase the cost of
the process and present safety concerns related to
the handling of large volumes of volatile solvents.19

These polymers, therefore, cannot absorb sufficient
amounts of an electrolyte solution to achieve high
ionic conductivity at an ambient temperature. To over-
come this shortcoming, the phase-inversion technique,
for which a microporous polymer matrix can be pre-
pared through the casting of a polymer solution and
the evaporation of the solvent and nonsolvent in turn,
has been developed and used successfully to prepare
microporous polymer membranes.20–25

In this work, we present the results of a compara-
tive study of PVdF-co-HFP–PAN-based plain gel
polymer blend electrolytes (PGPBEs) and micropo-
rous gel polymer blend electrolytes (MPGPBEs) and
explain how the porosity of the membranes affects
the ionic conductivity, lithium transference number,
dielectric permittivity, specific capacity, and cycle
performance when they are used as separators in
lithium-ion batteries.

EXPERIMENTAL

Materials

PVdF-co-HFP with an average molecular weight
greater than 5,00,000 (Aldrich), PAN with an average
molecular weight greater than 1,00,000 (Aldrich),
and LiClO4 and LiAsF6 (E-Merck, Germany) were
dried in a vacuum oven at 808C under 10�3 Torr of
pressure for 48 h. Ethylene carbonate (EC) and
diethyl carbonate (DEC; Acros Organic, Belgium)
were purified by distillation under reduced pressure.

Preparation of a polymer blend of an optimized
composition

Different compositions of PVdF-co-HFP and PAN
were dissolved in DMF. The resultant viscous solu-
tions were spread as films on a glass substrate with
a doctor’s blade. Finally, the films were dried at

808C in a vacuum oven under 10�3 Torr of pressure
for 3 h to remove any further traces of DMF. The
thickness of the films was in the range of 150–
200 mm. Then, the polymer blend films were soaked
in 1M LiClO4 in EC–DEC (1 : 1 v/v ratio) for 18 h to
get PGPBEs. The ionic conductivity and film strength
were measured to optimize the required polymer
blend ratio.

Preparation of an MPGPBE

An optimized ratio of the PVdF-co-HFP–PAN-based
microporous polymer blend membrane was obtained
by the phase-inversion technique as described else-
where.26,27 The membrane was finally soaked in 1M
LiClO4 in EC/DEC (1 : 1 v/v ratio) for 18 h to get
the MPGPBE.

Characterization

Scanning electron microscopy (SEM) studies were
carried out with a JEOL JSM-35CF scanning electron
microscope to determine the surface morphology of
PVdF-co-HFP–PAN-based polymer blend film/mem-
branes. The porosity (P) was determined through the
weighing of the sample with and without 1-butanol
and with eq. (1):28

P ¼ ðma=raÞ=ðma=ra þmp=rpÞ (1)

where ma is the film weight after impregnation with
1-butanol; mp is the dried film weight; and ra and rp
are the densities of the 1-butanol and dried film,
respectively.

The extent of swelling (Sw) of the polymer blend
film/membranes was determined with eq. (2):29

Sw ¼ ðW �W0Þ=W0 � 100 (2)

where W0 is the weight of the dried membrane and
W is the weight of the swollen membrane.

The thermal behavior of the gel polymer blend
electrolytes was studied with a Dupont TA 2000
differential scanning calorimeter. Each sample was
scanned from�100 to 2008C through heating at a scan-
ning rate of 18C/min under a nitrogen atmosphere.

Conductivity measurements were performed by
the sandwiching of the polymer blend electrolyte
between two stainless steel (SS) electrodes with a
Hioki 3522-50 LCR meter over a frequency range of
1 mHz to 100 kHz at a scanning rate of 1 mV/s with
various temperatures ranging from 298 to 353 K.

The electrochemical stability of MPGPBE was eval-
uated with a cell featuring an SS working electrode
and lithium as counter and reference electrodes
through linear sweep voltammetry at 258C. A direct-
current polarization cell was constructed by the
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sandwiching of the gel polymer blend electrolyte
between symmetrical lithium metal electrodes, and
the experiment was performed as described previ-
ously9 to determine the lithium transference number
of the gel polymer blend electrolytes. These cells
were assembled in a drybox under an argon atmos-
phere.

The frequency dependence of the dielectric permit-
tivity was determined by the sandwiching of the gel
polymer blend electrolyte between two SS electrodes
with a Hioki model 3532 LCR meter over a frequency
range of 40 Hz to 5MHz at room temperature.

Carbon and LiMg0.10Mn1.90O4 were employed as
negative and positive electrodes, respectively. The
laminated cell, which consisted of carbon, the gel
polymer blend electrolyte, and LiMg0.10Mn1.90O4,
was assembled in a drybox under an argon atmos-
phere, and the charge–discharge studies were per-
formed at a C/10 rate with cutoff voltages of 4.8 and
3.0 V for the upper and lower limits, respectively, to
prevent the decomposition of electrolytes.

RESULTS AND DISCUSSION

The ionic conductivity of PVdF-co-HFP–PAN-based
PGPBEs was measured through the variation of the
proportionate ratio, as shown in Figure 1. An
increase in the PAN content in the PVdF-co-HFP ma-
trix increases the ionic conductivity and decreases
the dimensional stability because of the higher
uptake of the liquid electrolyte solution by PAN.
However, the polymer blend electrolyte based on
30% PVdF-co-HFP–70% PAN is too weak and fragile.
Therefore, it cannot be used in practical battery
applications because of the PAN-rich phase; it
greatly reduces the mechanical strength. Hence, the
polymer blend film based on 40% PVdF-co-HFP–60%
PAN and soaked in a 1M LiClO4 electrolyte solution

system has been taken as an optimized composition
for the preparation of MPGPBEs.

For compatible polymer blends, the glass-transi-
tion temperature (Tg) is expected to be intermediate
between those of the two polymer components. In
the case of the PVdF-co-HFP–PAN blend electrolyte,
Tg for the polymer component is not observable
because the PVdF-co-HFP copolymer is semicrystal-
line, as shown in Figure 2. PVdF-co-HFP shows an
endothermic peak at 1458C; this can be attributed to
the melting of the polymer. On the other hand,
increasing the PAN content in the PVdF-co-HFP ma-
trix reduces the heat of fusion and lowers the melt-
ing temperature (Fig. 2). The depression of the melt-
ing point and the reduction of the heat of fusion
indicate that PAN is somewhat compatible with
PVdF-co-HFP. Therefore, increasing the addition of
highly amorphous PAN can prevent the crystalliza-
tion of the PVdF-co-HFP copolymer and result in the
preservation of amorphous domains, which are re-
sponsible for the high affinity to an electrolyte solu-
tion. This agrees with the ionic conductivity results.

The crystallinity (Xc) of the PGPBEs was calculated
with eq. (3) from the differential scanning calorime-
try (DSC) curves30 (Fig. 2):

Xc ¼ ðDHm=DHF
mÞ � 100 (3)

where DHm
F is the crystalline melting heat of pure

poly(vinylidene fluoride) (104.7 J/g) and DHm is the
heat of fusion for PVdF-co-HFP–PAN-based blend
matrices with different ratios. It can be calculated
from the integral area of the baseline and each melt-
ing curve. The data for the crystalline melting tem-
perature (Tm), DHm, and Xc are all shown in Table I.
Increasing the amount of the PAN polymer slightly
influences Tm. However, Xc decreases with an
increase in the amount of PAN within the PVdF-co-
HFP matrix. As a result, it is suggested that the
degree of crystallization of the PVdF-co-HFP matrix
decreases with the addition of PAN. PAN is far

Figure 1 Polymer blend composition (wt %) versus the
ionic conductivity (s) of PVdF-co-HFP–PAN–1M LiClO4–
EC–DEC.

Figure 2 DSC thermograms of PVdF-co-HFP–PAN blend
electrolytes with different ratios.
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more respective of the segmental chain motion of
the PVdF-co-HFP–PAN blend matrix and hence
enhances the ionic conductivity.

SEM micrographs for the optimized composition
of PVdF-co-HFP–PAN-based polymer blend films
and microporous polymer blend membranes are
shown in Figure 3(a,b). Figure 3(b) shows that much
larger voids and cavities of different sizes are due to
the skin effect established during the phase-inversion
process; more pores are produced in the water-con-
tacting surface than in the surface-contacting surface
(glass substrate). The porosity of the membrane was
found to be 57.19 61.2%. Hence, the uptake of the
electrolyte solution by this microporous polymer
blend membrane [Fig. 3(b)] is higher than that of
plain gel polymer blend film [Fig. 3(a)]. In addition,
Figure 4(a,b) shows that DHm of the liquid electrolyte
decreases with an increasing quantity of the liquid
electrolyte solution by the porous matrix, indicating
that porous polymer matrices are more compatible
with the liquid electrolyte than nonporous polymer
films.

Figure 5(a,b) shows Arrhenius plots of optimized
compositions of the PVDF-co-HFP–PAN-based
PGPBE and MPGPBE. The PGPBE and MPGPBE ex-
hibit different slopes, and this may be attributed to
the interaction of the polymer chain segments and
liquid electrolyte, which gives the semicrystalline
and amorphous structures of the PGPBE and
MPGPBE, respectively. Hence, the activation energy
of the MPGPBE is lower (14.72 kJ/mol) than that of
the PGPBE (24.68 kJ/mol). Furthermore, the ionic
conductivity decreases abruptly at a low temperature
because the nonsolvent freezes in the gel polymer
blend electrolyte and, therefore, the solvent-rich
domains of EC exist as crystalline solids at a low
temperature. At a higher temperature, the increase
in the ionic conductivity is due to inverse ionic mo-
bility; this increase in the amorphous region of the
polymer blend results from the increase in the seg-
mental mobility of the polymer chain. This will
assist fast ion transport, which may prevent the for-
mation of an ion cloud. However, the polymer chain
acquires faster internal modes in which bond rota-
tions produce segmental motions to favor interchain
and intrachain ion hoping, and thus the degree of
conductivity becomes high.

Figure 6(a,b) illustrates linear sweep voltammetry
curves of cells prepared with an optimized composi-
tion of a PVDF-co-HFP–PAN-based MPGPBE soaked
in different electrolyte solutions. From these curves,
the difference in the decomposition potentials of two
kinds of MPGPBEs arises because of the difference
in the electrochemical stability of the electrolyte solu-
tions. Figure 6(b) shows that the LiAsF6-based
MPGPBE has current onsets at 5.1 V versus Li/Liþ,
and the oxidation current is lower than that of the
other system at a higher voltage region; this means

TABLE I
Tm, DHm, and Xc Values of PVdF-co-HFP–PAN Blend

Electrolytes with Different Ratios

PVdF-co-HFP:PAN Tm (8C) DHm (J/g) Xc (%)

100 : 0 145.0 70.5 67.33
90 : 10 142.5 64.2 61.31
80 : 20 139.6 59.4 56.73
70 : 30 136.0 54.5 52.05
60 : 40 133.5 50.0 47.75
50 : 50 130.4 46.2 44.12
40 : 60 128.0 40.6 38.77
30 : 70 123.0 43.1 41.16

Figure 3 SEM photographs of (a) a plain polymer blend film and (b) a microporous polymer blend membrane based on
40 % PVdF-co-HFP–60 % PAN.
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that the MPGPBE prepared through soaking in 1M
LiAsF6 containing a 1 : 1 (v/v) EC–DEC electrolyte
solution is the most resistant to oxidation.

The transference numbers of the optimized com-
position of the PVDF-co-HFP–PAN-based PGPBE
and MPGPBE were determined by means of a
chronoamperometric technique, as shown in Figure
7(a,b), and the impedance measurements were
obtained before and after direct-current polarization
measurements with an applied potential difference
of 10 mV/s. Figure 7(a) shows that the initial current
value (I0) is 28.21 mA and the steady-state value (Is)
is 17.60 mA within about 2.15 h, and the correspond-
ing alternating-current impedance values, such as
the initial resistance of the interface (Ri

0) and steady-
state resistance of the interface (Ri

s), are 178.54 and
348.59 O, respectively; this gives a transference number
of about 0.512. Figure 7(b) shows that I0 is 26.30 mA
and Is is 18.23 mA within about 1.56 h, and the cor-
responding alternating-current impedance values,
such as Ri

0 and Ri
s, are 142.96 and 210.22 O, respec-

tively; this gives a transference number of about
0.680, and the relaxation time of the MPGPBE is
much faster than that of the PGPBE. Theoretically,

this phenomenon implies that the ionic mobility of
the MPGPBE is more facile than that of the PGPBE.
Hence, the porous structure present in the polymer
film that provides more liquid pathways is probably
a positive factor leading to superior ionic transport
as well.

The charge–discharge curves of carbon/PGPBE/
LiMg0.10Mn1.90O4 and carbon/MPGPBE/LiMg0.10Mn1.90
O4 cells are shown in Figure 8(a,b). It is obvious that
the cell at the C/10 rate achieves a discharge
capacity of 130.0 mAh/g for the MPGPBE. A com-
parison of the discharge capacities of the MPGPBE
and PGPBE shows that the specific capacity of the
MPGPBE is higher than that of the PGPBE; this
results from the increase in the free volume and
amorphousness, which provides mobile Liþ ions giv-
ing rise to the increase in the discharge capacity.

Figure 9 shows the cycle performance of the opti-
mized composition of the PVDF-co-HFP–PAN-based

Figure 4 DSC curves of (a) PGPBE and (b) MPGPBE
based on 40 % PVdF-co-HFP–60 % PAN.

Figure 5 Arrhenius plots of (a) PGPBE and (b) MPGPBE
based on 40 % PVdF-co-HFP–60 % PAN.

Figure 6 LSV curves of MPGPBEs based on (a) 40 %
PVdF-co-HFP–60 % PAN–1M LiClO4–EC–DEC and (b) 40
% PVdF-co-HFP–60 % PAN–1M LiAsF6–EC–DEC.

Figure 7 Direct-current polarization curves of (a) PGPBE
and (b) MPGPBE based on 40% PVdF-co-HFP–60% PAN.
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PGPBE and MPGPBE. The result shows that the
MPGPBE has a more significant effect during the
cycle life than the PGPBE. This confirms that the
MPGPBE has good compatibility with the electrode
materials at the ambient temperature.

The complex permittivity (e) or dielectric constant
of a system is defined as

e ¼ e0 � je00 ¼ e0 � jðs=oe0Þ

where e0 is the real part of the dielectric constant, e00

is the imaginary part of the dielectric constant of the
material, s is the conductivity, o is the angular fre-
quency, and e0 is the permittivity of the free space.
Plots of e0 verses log f for the optimized composi-
tions of the PVDF-co-HFP–PAN-based PGPBE and
MPGPBE are shown in Figure 10(a,b). The MPGPBE
exhibits a much higher e0 value than the PGPBE at
room temperature. The high positive dielectric per-
mittivity obtained in the MPGPBE can be attributed

to the localization of charge carriers. The dielectric
permittivity rises sharply toward low frequencies
because of electrode polarization effects.31,32 The
low-frequency dispersion region can be attributed to
the contribution of charge accumulation at the elec-
trode–electrolyte interface.33 The high values of e0 for
the MPGPBE system are due to the enhanced charge
carrier density in the space charge accumulation
region, which results in an increase in the equivalent
capacitance. The observed variation in e0 with the
frequency can be attributed to the formation of a
space charge region at the electrode–electrolyte inter-
face, which is familiarly known as w(n�1) variation or
non-Debye behaviors, in which the space charge
regions with respect to the frequency are explained
in terms of ion diffusion.34 At higher frequencies,
because of the high periodic reversal of the electric
field at the interface, the contribution of charge car-
riers (ions) toward the dielectric constant decreases
with increasing frequency. In addition, the polariza-
tion due to charge accumulation decreases, and this
results in a decrease in the value of e0.

CONCLUSIONS

The optimized composition of a PVdF-co-HFP–PAN-
based MPGPBE was prepared by a phase-inversion
technique. The higher ionic conductivity and lithium
transference number for the MPGPBE could be
attributed to the higher number of effective charge
carriers, which was due to the decreased surface/
volume ratio of the microporous network, and it also
presented stable charge–discharge behavior with lit-
tle capacity loss. This process is simple and cost-
effective for the preparation of MPGPBEs for lith-
ium-ion batteries.

Figure 8 Charge–discharge curves of cells prepared with
(a) carbon/PGPBE/LiMg0.10Mn1.90O4 and (b) carbon/
MPGPBE/LiMg0.10Mn1.90O4.

Figure 9 Cycle performance of cells prepared with (a) car-
bon/PGPBE/LiMg0.10Mn1.90O4 and (b) carbon/MPGPBE/
LiMg0.10Mn1.90O4.

Figure 10 Variation of e0 as a function of the frequency of
cells prepared with (a) SS/PGPBE/SS and (b) SS/
MPGPBE/SS.
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